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SUMMARY 


This  program  was  initiated  to  investigate  the  possibility  of 
developing  radically  improved  superconductors  through  the  use  either  of 
in  situ  material  or  very  fine  continuous  filament  material,  in  the 
submicron  range  of  filament  diameters.  The  properties  studied  were  the 
hysteresis  and  critical  current  density.  The  behavior  of  continuous 
filament  material  in  the  submicron  range  of  filament  diameter  seems  to 
be  dominated  by  surface  current.  In  general  very  fine  filaments  offer 
the  possibility  of  increasing  current  density  with  decrestsing  diameter, 
and  therefore  the  in  situ  materials  hold  promise  for  increased  critical 
current  density,  but  such  conductors  are  expected  to  exhibit  a  large 
transverse  field  hysteresis  loss.  The  loss  can  be  reduced  about  a 
factor  of  ten  by  twisting,  but  the  means  to  further  reduce  the  loss  are 
not  apparent,  except  by  reducing  the  diameter  of  the  conductor  itself. 

In  principle,  we  can  imagine  an  in  situ  material  where  the  filaments  are 
sufficiently  separated  transverse  to  the  filament  axis  so  that,  for 
practical  purposes,  the  material  is  superconducting  only  in  one 
direction,  as  in  a  continuous  filament  material.  This  construction 
should  lower  the  loss,  but  as  yet  no  in  situ  material  approaching  the 
desired  characteristics  has  been  observed. 

Continuous  filament  superconductors  show  more  promise  for  high 
current  density,  low-loss  material.  This  follows  from  the  fact  that 
since  the  filaments  are  continuous,  a  superconducting  matrix  is 
unnecessary,  and  the  proximity  effect  can  be  poisoned  by  the  addition  of 
ferromagnetic  ion  in  the  matrix.  Thus,  very  fine  filaments  with  low 
hysteresis  loss  can  be  relatively  closely  packed.  As  is  well-known, 
eddy  current  losses  then  appear  in  alternating  fields,  and  to  lower  the 
latter,  small  diameter  wires  must  be  used. 
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II.  INTRODUCTION 


The  general  purpose  of  this  prograa  was  to  inyestigate  the 
possibility  of  developing  radially  iaprored  low-loss 
high-current-density  superconductors  through  the  use  of  very  fine 
continuous-filanent  material,  on  in  situ  material  with  disconnected  fine 
filaments.  Since  all  the  work  performed  under  this  contract  has  either 
been  published  or  is  submitted  for  publication,  only  a  summary  will  be 
presented  here.  All  publications  have  been  attached  as  an  Appendix. 


III.  IN  SITU  MATERIAL 

In  regard  to  in  situ  material,  a  macroscopic  theory  was 
developed  whereby  three  critical  current  densities  were  assumed:  one 
parallel  to  the  average  filament  direction,  the  other  two  transverse. 

The  latter  were  much  smaller  than  the  former.  The  parallel  critical 
current  density  for  long  filaments  is  determined  by  the  critical  current 
of  the  filaments  themselves,  and  for  moderately  dense  packing  it  was 
assumed  that  pairs  of  disconnected  filaments  are  connected  by  a  bridge 
through  another  filament,  or  filaments,  whereby  the  super  current 
reaches  the  third  filament  by  flowing  across  a  large  area  of  matrix 
transverse  to  the  filaments.  The  matrix  is  rendered  slightly 
superconducting  by  the  proximity  effect.  This  model  predicts  that  the 
transverse  field  loss  in  in  situ  superconductors  is  essentially  the  same 
as  that  for  a  ’solid”  superconductor,  which  is  in  substantial  agreement 
with  observations.  It  also  correctly  predicts  the  effect  of  twist  on 
the  loss,  where  in  essence  the  twist  lowers  the  effective  critical 
current  density  along  the  axis  of  the  conductor,  since  current  flowing 
along  the  conductor  axis  must  pass  through  the  matrix.  For  heavily 
twisted  material  the  longitudinal  current  density  in  the  conductor  is 
determined  by  the  critical  current  density  of  the  matrix.  Analysis  of 
published  data  consistently  indicates  that  the  matrix  has  a  critical 
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current  density  between  one  and  tiro  orders  of  magnitude  smaller 
that  of  the  filaments. 


IV.  CONTINUOUS  FILAMENT  MATERIAL 

We  found  that  in  continuous  filament  NbTi  below  1  /tm  in  '  ' 
diameter,  the  dominate  component  of  current  which  flows  in  the  ..  '-t 
is  surface  current.  The  evidence  for  this  is,  firstly,  a  high  def>--<> 
asymmetry  of  the  m-H  hysteresis  loop  about  the  horizontal  axis  ~ 
magnetic  moment).  This  hysteresis  loop  for  submicron  filaments  is  ;:;:cr 
closer  to  reversibility  than  that  for  larger  filaments,  and  the  I'c'is 
for  0.8  /im  and  0.4  fta  material  are  nearly  the  same.  Secondly,  v  t  hr 
material  was  cooled  through  the  transition  temperature  in  a  cons 
transverse  magnetic  field,  a  spontaneous  magnetic  moment  appeareo . 
indicating  a  partial  Meissner  effect  up  to  the  highest  magnetic  fir.  : 
investigated,  which  was  several  teslas.  The  magnitude  of  the 
spontaneous  magnetic  moment  was  comparable  with  that  observed  on  the 
hysteresis  loop.  The  final  evidence  is  that  the  measured  critical 
current  density  for  the  0.4  /im  filaments  was  considerably  greater  th^a 
that  for  the  0.8  /im  filaments. 


V.  CONCLUSIONS 

Since  fine  filaments  have  the  possibility  of  having  a  higher 
critical  current  density  than  larger  filaments,  the  in  situ  materials 
hold  promise  for  increased  critical  current  density,  but  such  conductor 
are  expected  to  exhibit  a  large  transverse  field  hysteresis  loss  T’.' 
loss  can  be  reduced  about  a  factor  of  ten  by  twisting,  but  the  lue- 
further  redui.-e  the  loss  are  not  apparent,  except  by  reducing  the 
diameter  of  the  conductor  itself.  In  principle,  we  can  imagine  an 
in  situ  material  whore  the  filaments  are  sufficiently  separated 
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transverse  to  the  filaaent  axis  so  that,  for  practical  purposes,  the 
oaterial  is  superconducting  only  in  one  direction,  as  in  a  continuous 
filaaent  aaterial.  This  construction  should  lower  the  loss,  but  as  yet 
no  in  situ  aaterial  approaching  the  desired  characteristics  has  been 
observed. 

Continuous  filaaent  superconductors  show  more  promise  for  high 
current  density,  low-loss  aaterial.  The  essential  difference  between 
continuous  and  in  situ  type  aaterial  is  that  when  the  filaaents  are 
continuous,  a  superconducting  matrix  is  unnecessary,  and  the  proximity 
effect  can  be  poisoned  by  the  addition  of  ferromagnetic  ions  in  the 
aatrix.  Thus,  the  hysteresis  loss  can  be  kept  small  while  a  reasonable 
density  of  filaaents  is  maintained.  As  is  well-known,  eddy  current 
losses  then  appear  in  alternating  fields,  and  to  lower  the  latter,  small 
diaaeter  wires  must  be  used. 

The  greatest  promise  for  a  radically  iaproved  conductor  is  in 
the  development  of  continuous  fine  filaaent  material  having  a  CuNi 
aatrix  and  a  filaaent  diaaeter  the  order  of  twice  the  London  penetration 
depth,  or  less.  Liaitations  on  the  theory  prevent  a  quantitative 
estiaate  of  the  ultiaate  limits  on  loss  and  critical  current  which  can 
be  expected. 


VI.  SUGGESTION  FOR  FUTURE  WORK 

Experiaental  progress  in  the  developaent  of  fine  filaaent 
superconductors  has  reached  the  point  where  theoretical  guidelines  are 
quite  uncertain.  It  is  suggested  that  future  work  should  include  basic 
programs,  at  a  aore  fundamental  level,  to  better  understand  the 
reversible  and  irreversible  behavior  of  fine  filaaents. 
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APPENDIX  A 


MACROSCOPIC  AND  MICROSCOPIC  MODELS  OF 
IN  SITU  SUPERCONDUCTORS* 

W.  J.  Carr,  Jr. 

WesCinghouse  R&D  Center 
Pittsburgh,  Pennsylvania  15235 

ABSTRACT 

It  is  argued  that  a  macroscopic  formalism  similar  to  that  for 
continuous  filament  material  can  be  applied  to  in  situ  superconductors, 
providing  an  elongated  volume  element  is  used  for  averaging  over  the 
microscopic  fields  and  currents.  Microscopic  dimension's  in  this  context 
are  "anisotropic"  since  the  volume  element  must  contain  entire  filaments. 
The  difference  between  in  situ  and  continuous  filament  materials  is  found 
in  the  constitutive  equations.  For  an  in  situ  tape  these  consist  of  a 
specification  of  three  critical  current  densities  for  the  macroscopic 
superconducting  state,  together  with  three  conductivities  for  the  non¬ 
superconducting  state,  and,  under  some  conditions,  three  magnetization 
components.  The  interesting  region  of  the  non-superconducting  state 
occurs  when  the  material  is  raacroscopically  non-superconducting,  but 
superconducting  microscopically.  A  microscopic  model  based  on  the  proxi¬ 
mity  effect  is  developed  for  computing  the  constitutive  equations.  For 


Supported  by  the  Air  Force  Aero  Propulsion 
No.  F33(S15-81-r,-2040. 


Laboratory  Contract 
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calculating  the  axial  current  >lensity,  the  model  assumes  that  chains  ot 
filaments  run  through  the  conductor.  When  the  superconducting  proximity 
layers  surrounding  a  pair  of  chains  overlap,  the  cliains  can  carrv 
scopic  supercurrent.  In  general,  a  conductor  can  be  superconducting  in 
one,  two  or  three  directions'.  The  critical  current  densities  are  expecfed 
to  be  highly  anisotropic. 
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INTRODUCTION 


The  electromagnetic  behavior  of  any  system  that  is  sufficiently 

large  can  be  described  by  a  macroscopic  set  of  Maxwell  equations.  Such 

equations  arise  from  a  volume  average  of  the  Maxwell-Lorentz  equations 

1  2 

describing  the  microscopic  details.  ’  In  this  way  quantities  such  as 

the  electromagnetic  loss  can  be  calculated  in  a  relatively  simple  fashion 

even  for  a  very  complex  system.  The  size  of  the  volume  element  over  which 

the  average  is  made  depends  upon  the  scale  of  the  microscopic  detail,  and 

if  more  than  one  microscopic  scale  can  be  assumed,  a  hierarchy  of  Maxwell 

equations  exist,  with  the  simplest  description  being  that  for  the  largest 

scale.  In  the  case  of  a  continuous  filament  superconductor  the  filament 

diameter  may  be  considered  to  be  the  largest  microscopic  dimension,  and  a 

volume  element  may  be  selected,  as  in  Fig.  1(b),  to  give  an  average  over 

3  4 

the  cross-section  of  filaments  and  matrix.  ’  An  in  situ  filamentary 
superconductor,^  characterized  by  discontinuous  filaments,  can  be  expected 
to  yield  to  the  same  approach,  providing  an  elongated  volume  element  is 
chosen  as  shown  in  Fig.  1(a).  The  volume  element  must  now  enclose  entire 
filaments.  It  will  be  noted  that  a  length  which  is  considered  to  be 
microscopic  in  one  direction  may  be  macroscopic  in  a  different  direction. 
The  difference  between  continuous  filament  and  in  situ  material  will  be 
found  in  the  constitutive  relations  required  to  solve  the  Maxwell  equa¬ 
tions,  and  it  is  onJy  at  tliis  point  that  microscopic  det.iils  play  a  role. 
In  essence,  the  use  of  large  scale  macroscopic  theory  divides  the  problem 
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(a) 


Owy.  7770A55 


jv  Volume 
i  Element 


Filament 


-1 - r— 

— I - r— 

t _ • _ :--J- 

(b) 

Fig.  1  -  Cross-section  of  volume  element  for  making  averages 
for  (  a)  in  situ  material  and  (  b)  continuous  filament  material. 
The  number  of  filaments  enclosed  in  ( a) .  for  a  strip,  is  limited 
by  the  condition  that  in  the  1.  2.  3  directions  the  volume  element 
must  be  small  compared  with  the  conductor  length,  width  and 
thickness  respectively. 


8 


into  two  parts:  (1)  a  solution  satisfying  all  the  boundary  conditions  is 
obtained  in  terms  of  certain  constants  describing  the  constitutive  rela¬ 
tions,  and  (2)  the  constants  are  then  either  obtained  empirically  or  from 
a  microscopic  model . 

The  purpose  of  Che  present  analysis  is  to  specify  the  macro¬ 
scopic  c(3ns  Cants  needed  to  describe  the  electromagnetic  respoi.se  of  an 
in  situ  material,  and  to  estimate  these  constants  from  a  rough  microscopic 
mode  1 . 
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CONSTITUTIVE  RELATIONS 


In  most  in  situ  materials  which  have  been  drawn  out  into  the 
shape  of  a  tape,  the  individual  filaments  deform  into  the  shape  of  ribbon 
segments . ^ ^  Let  1,  2,  3  denote  the  average  principal  axes  of  the  fila¬ 
ments,  as  in  Fig.  1,  where  the  1  axis  gives  the  average  direction  of  the 
filament  length  near  any  macroscopic  point ,  and  the  2  and  3  axes  corres¬ 
pond  to  those  for  the  width  and  thickness  respectively.  For  a  tape  the 
principal  filament  axes  correspond  to  the  principal  axes  x,  y,  z  of  the 
conductor,  but  in  order  to  generalize  later,  a  distinction  will  be  main¬ 
tained  between  filament  and  conductor  coordinates. 

In  the  presence  of  a  small  static  electric  field  along  a  prin¬ 
cipal  direction,  an  expansion  of  the  current  density,  for  an  idealized 
material,  gives  as  the  first  two  terms  a  current  density  independent  of 
the  magnitude  of  the  electric  field  plus  a  term  linear  in  the  fieJd: 

sgn  E^  +  (i  =  1,  2,  3)  Cl) 

where  ®  is  a  critical  current  density  for  the  supercurrent, 

o  is  a  conductivity,  H  is  the  magnetic  field  and  T  is  temperature.  The 
question  of  how  the  critical  current  densities  behave  when  the  electric 
field  has  an  appreciable  component  in  more  than  one  principal  direction 
is  an  important  question  which  must  be  resolved  by  experiment.  If  the 
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material  is  In  a  mai;  roscop  i  r  superconducting  state,  then  for  most  purposes 


one  may  use  the  approximation 


j  .  sgn  E, 
-‘ci  1 


(2) 


(When  =  0,  depends  on  the  history  of  the  material.  )  In  tae  sim¬ 
plest  macroscopic  resistive  or  non-superconducting  state 


j 


i 


O) 


but  in  cases  where  non-uniformity  in  filament  spacing  becomes  important 
it  will  be  found  that  the  full  expression  given  by  (1)  is  needed,  because 
only  part  of  the  observed  current  has  resistance.  Calculation  of  a  is 
trivial  for  the  case  of  a  normal  state,  but  the  case  of  particular  inter¬ 
est  here  is  the  absence  of  macroscopic  superconductivity  while  microscopic 
superconductivity  still  exists,  a  in  this  case  can  be  very  large  compared 
with  a  normal  conductivity,  as  indicated  in  Fig.  2.  I f  a  becomes  too 
large,  ordinary  electric  fields  encountered  when  the  magnetic  field. is 
changed  will  tend  to  saturate  the  current  density.  Leading  to  an  apparent 
critical  current. 

The  remaining  constitutive  equations  of  interest  are  those  which 
give  B  or  M  as  a  function  of  H  and  T.  Tn  addition  to  atomic  sources,  a 
true  magnetization  can  arise  from  current  circulating  within  a  filament, 
or  from  currents  circulating  within  local  closed  paths  due  to  interconnec¬ 
tions  among  filaments,  with  the  latter  expected  to  dominate  for  most 
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Curve  74004t>-A 


Fig.  2  -  The  voltage-current  relationship  for  various  conditions 
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in  situ  materials.  In  a  macroscopic  superconducting  state  the  true  mag¬ 
netization  M  will  tend  to  be  overshadowed  by  the  magnetic  moment  of  the 
conduction  current  and,  in  general,  this  magnetization  can  become  a 
dominant  factor  only  for  weak  macroscopic  superconductivity,  or  when 
relatively  large  diameter  paths  exist  for  the  magnetization  current. 

It  follows  in  summary  that  three  critical  current  densities  and 
three  conductivities  are  required,  and,  under  some  conditions,  three  com¬ 
ponents  of  magnetization.  The  macroscopic  non-superconducting  state  can 
be  subclassified  according  to  whether  the  filaments  are  normal  or  super¬ 
conducting.  Subclassification  of  the  macroscopic  superconducting  state 
can  be  made  based  on  whether  it  is  superconducting  in  one,  two  or  three 
directions . 
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MICROSCOPIC  MODEL 


The  microscopic  picture  of  in  situ  materials  has  been  examined 
previously  by  Tinkham^’^ and  his  colleagues,  and  various  concepts  were 
explored  which  are  retained  in  the  present  formulation.  However,  no  dis¬ 
tinction  will  be  made  between  conduction  by  percolation  and  conduction  bv 
proximity  effect.  In  the  present  analysis  conduction  is  assumed  to  he  i 
percolation  process,  with  the  percolation  occurring  between  regions  en¬ 
larged  by  the  proximity  effect.  (This  is  true  even  when  filaments  touch, 
inasmuch  as  physical  contact  tends  to  occur  at  a  point.)  Two  approaches 
have  been  previously  used  to  study  the  conductivity,  one  involving  the 
use  of  probability  theory  for  continuous  paths  or  infinite  clusters, 

the  other  making  use  of  a  physical  model  for  connections  between  neigh- 

9 

boring  filaments.  The  latter  type  approach  will  be  used  here.  Super¬ 
currents  which  flow  between  filaments  of  an  in  situ  material  are  of  two 
types:  the  magnetization  currents  which  find  local  closed  paths  in  which 

to  circulate,  and  conduction  current  which  proceeds  along  continuous  paths 
through  the  conductor.  For  a  uniform  distribution  of  filaments  the  prob¬ 
lem  of  finding  continuous  paths  becomes  trivial,  since,  in  this  case, 
translational  symmetry  exists  and  all  filaments  tend  to  behave  the  same. 
Microscopic  examination  indicates  that  in  the  early  stages  of  deformation 
filaments  are  not  uniformly  spaced,  because  they  tend  to  bunch  together, 
but,  clearly,  the  bunching  does  not  prevent  approximate  uniformity  along 
the  axis  of  a  conductor.  (Uniformity  can  be  further  Increased  by  imagining 
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a  slight  rearrangement  of  filaments  which  makes  zigzag  percolation  paths 
into  straight  paths.)  For  this  reason  the  mode]  suggested  for  computing 
the  axial  current  density  is  that  of  straight  chains  of  filaments,  where 
the  spacing  between  chains  is  random  or  arbitrary.  Attention  can  now  be 
focussed  on  individual  filaments,  and  axial  supercurrents  can  flow  when 
individual  filaments  have  a  superconducting  connection  with  their  neigh¬ 
bors.  (The  same  does  not  necessarily  follow  for  current  flow  in  a  trans¬ 
verse  direction.) 

Figure  3  shows  a  gap  between  two  filaments  bridged  by  a  third 
filament,  which  is  the  filament  in  closest  vertical  proximity.  The  ver¬ 
tical  separation  denoted  by  s  will  be  associated  with  the  filament  n,  and, 
more  precisely,  c  can  represent  multiple  neighboring  filaments,  depending 
on  the  environment.  The  microscopic  current  density  i  is  indicated  for 
the  case  where  a  macroscopic  current  density  ^  is  established  along  an 
axis  parallel  to  the  filaments.  The  thickness  of  the  filaments  is  denoted 
by  d,  while  the  thickness  including  the  proximity  region,  of  thickness  s', 
is  d'  =  d  +  2s'.  Resistance  goes  to  zero  when  the  regions  denoted  by  d' 
overlap.  In  a  given  material  the  value  of  d'  -  d,  or  2s',  is  controlled 
by  the  magnetic  field  and  the  temperature.  When  the  proximity  regions  do 
not  overlap,  a  normal  layer  s"  is  assumed  to  exist,  which  can  vary  between 
zero  and  the  vertical  separations  between  filaments. 
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DwQ •  I  ^  wA*r 


Fig.  3  -  Model  for  the  pattern  of  microscopic  current  flow  in  response 
to  an  applied  electric  field  along  the  1  axis.  Filament  c  is  the  closest 
filament  to  the  pair  nb.  The  figure  shows  the  cross-section  of  the 
ribbon-like  filaments  where  d  is  the  thickness,  d'  is  a  thickness 
which  includes  the  proximity  effect,  s  is  the  separation  between 
filaments,  s'  is  the  thickness  of  the  proximity  l^er.  and  s"  is  the 
thickness  of  the  normal  region  between  filaments. 
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CALCULATION  OF  THE  AXIAL  MACROSCOPIC 
CURRENT  DENSITY  AND  ELECTRIC  FIELD 


Consider,  first,  the  case  where  the  current  density  in  a  fila¬ 
ment  is  at  or  below  its  critical  value,  so  that  no  electric  field  exists 
in  the  filaments.  In  the  average  of  the  microscopic  electric  field  e  over 
filaments  and  matrix,  only  the  region  between  the  ends  of  filaments  n  and 
b  in  Fig.  3  makes  a  contribution,  and  the  average  of  this  field  is  in  the 
1  direction.  If  each  filament  is  assumed  to  have  a  length  i  and  a  width 
w,  where  £  >  >  w  >  >  d,  the  volume  (filament  plus  matrix)  associated  with 

the  n^^  filament  is  JLwd/A  where  A  (not  to  be  confused  with  the  London 

n  n 

penetration  depth)  is  the  fraction  of  superconductor  in  a  cell  determined 

by  bisecting  the  distance  be'tween  neighboring  filaments.  The  integral  of 

the  electric  field  over  this  volume  is  the  order  of  v  d'w  for  closely 

n 

spaced  filaments,  and  the  average  electric  field  of  th  n^*^  ceil  is 


— e—T- 

where  v  is  the  voltage  between  filaments  n  and  b. 
n 

density  is  also  in  the  1  direction  and  given  by 

<i,  >  ~  4  ^ 

In  2  Ifn  n 


(4) 

The  average  current 

(5) 


th 


where  average  current  density  near  the  middle  of  the  n  fila 

ment.  The  voltage  v  is  twice  the  voltage  between  filaments  n  and  c, 

n 


which  is  given  roughly  by  v  *  (j...  dw)  (-«— )  2s  ''  p  ,  where  p  is  the 
^  ^  n  Ifn  £w  n  m  m 
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resistivity  of  the  matrix,  and  s^"  is  the  thickness  of  the  normal  layer 
for  the  n*"  filament.  From  (4)  and  (5). 


<e,  >  -  8  <  i,  >  p 

In  1  n  m 


d’  s  " 
n 


(6) 


The  macroscopic  variables  are  obtained  by  averaging  over  all  cells  in  the 
volume  element  AV  used  to  define  a  macroscopic  average,  i.e. 


3i  = 


-^7  ^ 

AV  n 
n 


<i,  > 

1  n 


1 

2AV 


I 

n 


AV 

n 


A 

n 


'Ifn 


(7) 


E,  ~  ^  r  AV  A  s' 

1  AV  *2  n  n  Ifn  n 
£  n 


(S) 


When  no  field  is  applied  to  the  conductor,  the  left-hand  side  ot  (8)  ib 
zero  and  ^  macroscopic  supercurrents  are  flow¬ 
ing,  then  for  some  chains  of  filaments  s  "  »  0  and  j,,  ^0. 

n  Ifn 

Because  the  thickness  of  the  normal  layer  s^"  depends  on  s ' 

through  the  relation  s  "  =  s  -  2s',  it  follows  that  s  "  =  s  "  (s  ;  H,  T) , 
®  n  n  n  n  n  ~ 

with  a  minimum  value  s  "  (s  ;  0,  0)  that  can  vanish  only  for  closely 

n  n 

spaced  filaments  where  the  separation  is  less  than  the  maximum  thick¬ 
ness  of  twice  the  proximity  layer.  The  latter  is  estimated  to  be  in  the 
range  of  a  fraction  of  a  mfcron  by  Hcvk  ol  ul.,  but  obviously,  rho  utual 
value  depends  upon  the  matrix  material.  The  average  value  of  depends 
upon  the  amount  of  mechanical  reduction  Re  performed  in  forming  the 
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tapes/^’^^  For  small  values  of  Re  the  average  can  be  very  much  larger 
than  2ii' ,  but  nevertheless,  through  non-uniformity  in  distribution  one 
can  expect  some  filaments  with  s^"  =  0.  In  this  way  superconductivity, 
characterized  by  a  very  small  critical  current  density,  can  be  explained 
even  for  small  values  of  Re  and  small  amounts  of  superconductor  in  the 
composite. 

In  deriving  Eq .  (8)  it  was  assumed  that  no  electric  field  exists 
in  the  filaments,  but  as  s"  in  any  filament  becomes  so  small  that  the  cur¬ 
rent  in  the  filament  slightly  exceeds  its  critical  value  this  will  not  be 
the  case  when  0.  Therefore,  the  equation  does  not  apply  under  these 

conditions.  To  generalize  one  can  assume  that  is  essentially  the 

same,  and  approximately  equal  to  Ej^ ,  in  all  cells  near,  a  macroscopic 
point.  Thus,  the  average  given  by  (8)  is  of  no  interest,  and  is  given 
by  the  first  line  of  (7)  where  is  the  smaller  of  the  value  given  by 

(6)  or  the  value  given  by  (5)  with  replaced  by  its  critical  value. 
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THE  CASE  OF  A  TAPE  WITH 
LARGE  MECHANICAL  REDUCTION 

In  the  remaining  analysis  a  large  mechanical  reduction  will  be 
assuuned,  such  that  the  average  separation  between  chains  of  filaments  is 
the  order  of  or  less  than  twice  the  maximum  proximity  layer  thickness. 

In  this  case  non-uniformity  in  the  filament  spacing  becomes  less  impor¬ 
tant,  and  the  subscript  n  will  be  dropped  on  X.,  i,  s  and  s".  Equations  (7) 
and  (8)  reduce  to 


j 


1 


2  ^If 


19) 


E-  -  4p 
1  m 


d* 


^  j 


If 


(10) 


The  sole  requirement  for  superconductivity  in  the  1  direction  is  now  that 
s"(s;  H,T)  *  0.  But  if  a  proximity  bridge  exists  across  the  filaments  in 
connection  with  longitudinal  current  flow,  the  same  bridge  can  carry  cur¬ 
rent  resulting  from  the  application  of  an  electric  field  in  a  transverse 
direction;  and  if  sufficient  uniformity  exists  in  the  distribution  of 
filaments  the  in  situ  material  can  become  superconducting  in  all  three 
directions  like  a  normal  bulk  superconductor. 
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CRITICAL  CURRENT  DENSITIES  FOR 
CLOSELY  SPACED  FILAMENTS 


In  an  ordinary  superconducting  tape  or  wire  the  longitudinal 
critical  current  density  is  usually  the  order  of,  or  smaller  than,  the 

I 

transverse  for  moderate,  or  large,  applied  transverse  magnetic  fields. 

On  the  contrary  ,  for  some  in  situ  materials  in  large  fields  the  aniso- 

1  3 

tropy  of  the  current  density  is  such  that  the  longitudinal  is  largest. 

The  value  of  given  by  (9)  for  E^^  =  0  when  macroscopic  super¬ 
conductivity  exists  defines  the  critical  current  density  value 

of  under  this  condition  is  determined  either  by  the  longitudinal  .cri¬ 
tical  current  density  of  an  isolated  filament,  or  by  a  critical  current 
density  for  the  proximity  region.  Since  the  current  density  in  the  fila¬ 
ment  is  larger  by  a  factor  the  order  of  £/2d,  is  the  smaller  of 

Aj^^^/2  and  Xj^^£/Ad.  A  rough  approximation  which  incorporates  this  con¬ 
dition  into  a  single  equation  is  given  by 


1  2  ^  1  ^ 
jcl  “  ^^clf  'jcp  ^ 


(11) 


where  1  *  f(H,T)  is  the  longitudinal  critical  current  density  for  an 

clt  ~ 

isolated  filament,  and  also  a  function  of  H  and  T,  is  the  effective 

critical  current  density  for  the  proximity  region,  in  a  direction  perpen¬ 
dicular  to  the  filament.  One  may  define  to  be  zero  when  the  proximity 
regions  do  not  overlap.  If  the  direction  along  the  width  of  the  filament 
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is  also  superconducting,  one  can  expect  for  closely  spaced  filaments  that 
the  critical  current  density  is  obtained  by  replacing  £  with  w,  i.e. 


1  2  ^  1 


and  for  a  direction  through  the  tape  thickness 


(12) 


(I  j) 


assuming  is  small  compared  with  At  present  no  theory  exists 

for  but  one  may  hope  to  obtain  experimental  values. 

In  a  tape  the  principal  axes  of  the  filaments  tend  to  align 

themselves  with  the  principal  axes  x,  y,  z  of  the  tape,  and  the  measured 

longitudinal  and  transverse  critical  current  densities  i  and  j  ,  re- 

cz  cx 

spectively,  are  given  by  (11)  and  (12).  If  one  assumes  that  j|,2f  ^  ^clf’ 

13 

the  low  anisotropy  ratio  found  by  Braginski  and  Wagner  in  some  samples 
suggests  that  in  these  cases  is  determined  by  the  filament,  and 

by  the  proximity  region. 


RESISTIVITY  IN  THE  NON-SUPERCONDUCTING  STATE 


In  a  macroscopic  non-superconducting  state  the  conductivity 
a  =  1/p  is  given,  according  to  (9)  and  (10)  for  the  case  of  a  closely- 
spaced  nearly  uniform  distribution  of  filaments,  by  a  resistivity  of 
order 


^1  *■ 


d' 


(14) 


The  dimension  £  can  be  written  in  terms  of  the  mechanical 
reduction but  widely  different  results  are  obtained  from  different 
assumptions.  It  will  be  assumed  here  that  one  may  examine  the  reduction 
by  considering  the  deformation  of  a  unit  cell  placed  around  an  initial 
superconducting  particle,  and  that  the  number  of  unit  cells  cut  by  a 

cross-section  of  the  conductor  is  conserved.  The  initial  volume  of  the 

3  3 

unit  cell  is  £  and  the  initial  volume  of  the  particle  is  £  where 
uco  o 

3  3 

£  =  A£  .  The  final  volume  of  Che  filament  is  £wd,  and  the  final 

o  uco 

unit  cell  volume  is  taken  to  be  approximately  £w(d  +  s)  .  Thus  X  =  d/(d  +  s). 
The  reduction  is  defined  to  be  the  ratio  of  the  Initial  to  the  final  area 


of  the  unit  cell,  or  alternatively,  since  the  volume  is  unchanged 

3  3  3  2 

Re  =  £/£  .  Therefore  Re  =  X£  /£  .  The  factor  sd/£  can  be  written 

uco  o 

as  (— )  (4)  wd£/£  where  wd£  is  the  filament  volume,  equal  to  £  ,  and 

w  d  o 

s/d  =  (1-X)/X.  Then  sd/£^  is  equal  to  (— )(1  -  X)  Re  ^  and 

w 
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The  result  differs  from  the  original  calculation  of  Davidson  et  al, 
mainly  by  a  factor  d/w  and  also  a  factor  of  A.  Nevertheless,  if  d/w  is 
regarded  as  only  a  weak  function  of  Re,  the  dependence  of  on  Re  in 
this  model  is  roughly  Re  ^  as  previously  calculated. In  the  case 
where  d'  2  d  one  observes  that  the  dependence  of  on  temperature  or 
magnetic  field  is  given  by  s"/s,  which  for  closely-spaced  filaments  goes 
from  aero  to  unity  as  the  temperature  or  field  is  increased  from  zero. 

In  analogy  with  (14)  one  can  expect  in  the  transverse  direction, 
for  similar  conditions. 


P  s 
m 

^3  s  +  d 


(17) 


Although  and  are  large  enough  to  be  measurable,  p^^  for 
very  elongated  filaments  may  not  be,  and  in  this  case  the  resistive  cur¬ 
rent  in  a  non-superconducting  state  will  appear  to  be  a  macroscopic 
supercurrent.  Furthermore,  the  application  of  a  very  small  electric  field 
will  cause  it  to  saturate.  Thus  over  a  certain  range  of  temperature  and 
magnetic  field  one  would  expect  the  conductor  to  act  like  a  superconductor 
along  the  length  and  a  non-superconductor  in  the  transverse  directions. 
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EVIDENCE  FOR  A  TRUE  MAGNETIZATION 


A  true  magnetization  may  be  defined  by 

M(rt)  <Z  m  (t)  6(r  -  r  )>  (18) 

~  -  n  -n  -  -n 

where  m  is  a  local  dipole  moment  at  M  ,  6  is  a  Dirac  delta  function,  the 
-n  -n 

angular  brackets  Indicate  a  volume  average,  and  r  and  t  represent  position 
and  time. 

For  filaments  arranged  on  a  uniform  lattice  only  conduction 

currents  can  flow  since  the  environment  for  each  filament  is  the  same. 

Magnetization  currents  leading  to  m^,  therefore,  depend  upon  non- uniformity 

in  the  filament  distribution.  In  a  conductor  with  non-uniform  filament 

distribution  the  model  for  in  situ  material  can  be  completed  by  introducing 

closed  rings  of  a  given  area,  or  diameter,  which  are  superimposed  on  the 

13 

filament  chains.  In  a  sample  measured  by  Braginski  and  Wagner  the  ob¬ 
served  magnetic  moment  was  found  to  be  not  proportional  to  the  measured 
j^,  and  this  behavior  is  taken  as  evidence  that  an  appreciable  part  of 
the  magnetic  moment  of  this  sample  comes  from  true  magnetization.  In 
increasing  magnetic  fields  the  magnetic  moment  decreased  more  rapidly  than 
as  would  be  anticipated  if  the  magnetic  moment  is  due  to  M,  since  meg- 
netization  supercurrents  can  circulate  around  paths  having  a  range  of 
values,  and  the  large  diameter  paths  are  destroyed  first.  The  hysteresis 
In  this  case  is  determined  by  the  sum  of  •  dM  and  ^E  •  j^dt. 
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THE  CASE  OF  A  WIRE 


The  mlcrostructure  of  a  wire  differs  from  that  for  a  tape,  but 
Insofar  as  the  difference  is  simply  in  the  orientation  of  the  filaments 
relative  to  the  conductor  axes,  the  previous  results  may  be  used  to  com¬ 
pute  the  properties  of  the  wire.  For  example,  in  an  untwisted  wire  let 
it  be  assumed  that  the  filaments  are  oriented  so  that  the  2  direction 
(width)  corresponds  to  the  radial  direction  R,  the  3  direction  (thickness) 
is  the  0  or  circxnnferential  direction  and  the  1  axis  corresponds  to  the  z 
axis  in  cylindrical  coordinates  R,  6,  z  for  the  wire.  One  can  then  inves¬ 
tigate  the  effect  of  twist  on  the  hysteresis  of  a  superconducting  wire, 
since  twisting  of  the  wire  reorders  the  orientation  of  filaments  in  a  pre¬ 
dictable  way. 

In  a  transverse  applied  field,  the  current  induced  in  the  wire 
is  a  shielding  current  which  must  flow  down  the  axis  on  one  side  of  the 
wire,  and  back  along  the  axis  of  the  wire  on  the  other  side.  In  contrast, 
a  bulk,  transport  current  can  simply  flow  along  the  tilaments.  It  follows 
that  in  a  twisted  wire  the  critical  current  density  measured  from  the 
transport  current  may  be  larger  than  that  measured  from  the  hysteresis. 
Depending  on  the  twist,  the  latter  has  a  component  along  the  3  direction, 
which  according  (13)  will  be  small  if  is  small  compared  with  the  in¬ 
trinsic  filament  critical  current  density.  This  fact  offers  a  possible 

explanation  for  the  decrease  in  full  penetration  hysteresis  with  increas- 

13 

ing  twist  which  has  been  observed  by  Braglnakl  and  Wagner,  and  Shen  and 
14 


Verhoeven. 
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SUMMARY  AND  DISCUSSION 


In  order  to  understand  electromagnetic  properties  such  as  the 
loss  behavior  of  in  situ  superconductors  it  is  necessary  to  know  various 
macroscopic  "constitutive  constants."  The  most  important  of  these  for  a 
full  superconducting  state  are  three  critical  current  densities  referred 
to  a  set  of  principal  axes;  while  for  a  macroscopic  state  that  is  not 
superconducting  the  resistivity  is  of  interest.  A  simple  microscopic 
model  involving  the  proximity  effect  has  been  used  to  estimate  these 
values.  The  model  consists  of  longitudinal  chains  of  filaments  distri¬ 
buted  through  the  cross-section  of  the  conductor.  Any  pair  of  chains 
closer  together  than  twice  the  thickness  of  the  superconducting  proximity 
layer  around  each  filament  can  carry  an  axial  supercurrent.  Macroscopic 
transverse  supercurrent  can  flow  only  when  nearly  all  neighboring  chains 
are  separated  by  less  than  twice  the  proximity  layer  thickness.  In  gene¬ 
ral,  macroscopic  superconductivity  can  exist  in  one,  two  or  three  direc¬ 
tions.  The  macroscopic  critical  current  densities  are  given  in  terms  of 
the  filament  dimensions  and  a  critical  current  density  for  the  proximity 
layer,  in  addition  to  the  critical  current  densities  of  the  filaments. 

Some  qualitative  consequences  which  immediately  fall  out  of  the 
model  are  the  following,  (a)  In  an  in  situ  conductor  that  has  not  been 
severely  stretched  (average  filament  spacing  large  compared  with  twice 
the  approximity  layer  thickness)  only  a  weak  critical  current  density  in 
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the  axial  direction  should  be  observed  since  the  current  is  carried  by 
the  relatively  small  number  of  filament  chains  which  are  close  neighbors. 
The  conductor  should  be  superconducting  in  only  one  direction.  (b)  For  a 
severely  reduced  conductor,  where  the  average  filament  spacing  is  small 
compared  with  twice  the  proxinuty  layer  thickness,  superconductl vi tv 
should  be  observed  in  all  three  directio.ts,  a.s  in  an  ordinary  supercon¬ 
ductor.  However,  the  critical  current  densities  are  expected  to  be  highly 
anisotropic,  and  this  anisotropy  should  be  evident  In  the  effect  of  twist 
on  the  hysteresis  loss,  and  in  the  difference  in  hysteresis  loss  for 
longitudinal  and  transverse  magnetic  fields,  (c)  For  conductors  which 
are  intermediate  between  the  above  limiting  cases  and  where  a  given  trans¬ 
verse  direction  is  nearly  superconducting,  one  would  expect  to  find  a 
relatively  large  true  magnetization,  due  to  currents  circulating  in  closed 
paths  among  the  filaments,  in  the  case  of  a  longitudinal  applied  magne'c 
field.  Some  quantitative  investigations  of  these  predictions  are  planned 
for  a  later  paper. 
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APPENDIX  B 


THE  ELECTRICAL  BEHAVIOR  OF  IN  SITU  SUPERCONDUCTORS 
WITH  LARGE  FILAMENT  SEPARATION* 

W.  J.  Carr,  Jr. 

Westinghouse  R&D  Center 
Pittsburgh,  Pennsylvania  15235 


ABSTRACT 

The  electrical  properties  of  in  situ  superconductors  are  calcu¬ 
lated  for  the  case  where  the  average  filament  separation  is  large  compared 
with  the  range  of  the  proximity  effect.  The  calculations  are  based  on  a 
model  recently  described  by  the  author,  where  chains  of  filaments  run 
through  the  length  of  the  conductor.  The  distribution  of  the  chains  is 

a 

assumed  to  be  non-uniform  and  described  by  a  distribution  function  f(s), 
where  s  is  the  separation  between  neighboring  chains.  The  critical  tem¬ 
perature  T^  for  superconductivity  in  a  filament  is  also  assumed  to  be  a 
function  of  s.  At  any  given  temperature  some  filaments,  as  a  result  of 
the  proximity  effect,  have  a  superconducting  connection  with  their  neigh¬ 
boring  filaments,  others  are  superconducting  but  with  a  resistive  connec¬ 
tion,  while  others  are  normal.  The  first  category  of  filaments  determines 

Che  critical  current  I  ,  while  the  first  two  categories  determine  another 

c 

*  * 

critical  current  .  Both  1^  and  are  functions  of  the  magnetic  field 

* 

and  temperature.  For  a  fixed  current  I  the  equations  I  »  I^  and  1=1^ 

* 

Supported  by  the  Air  Force  Aero  Propulsion  Laboratory  Contract 
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define  two  critical  temperatures  and  T^,  which  together  with  the 
highest  value  of  describe  Che  features  of  the  electrical  behavior,  ''’he 
results  compare  favorably  with  some  published  measurements.  The  value  of 
the  proximity  length  obtained  from  Che  model  with  the  aid  of  the  measure¬ 
ments  is  in  good  agreement  with  previous  estimates. 
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INTROOIICTION 


In  situ  superconductors  are  characterized  by  discontinuous  ti la¬ 
ments  embedded  in  a  normal  metal  matrix.  In  the  following  analysis  the 
electrical  behavior  is  calculated  in  the  case  where  the  average  filament 
separation  is  large  compared  with  the  range  of  the  proximity  effect.  The 
results  are  compared  with  some  previous  measurements  for  this  case 

reported  by  Lobb  et  al.^  The  calculations  are  based  on  a  simple  model 

2 

recently  proposed  by  the  author  for  an  in  situ  material.  In  this  model 
chains  of  filaments  run  along  the  length  of  the  conductor,  with  arbitrarv 
spacing  between  the  chains.  Attention  is. focussed  on  the  electrical  con¬ 
nection  of  a  given  filament  with  its  surroundings.  For  a  transport  cur¬ 
rent  along  the  conductor  axis  the  microscopic  picture  of  current  flow  is 
that  shown  in  Fig.  1,  where  the  filaments  n  and  b  in  a  chain  are  bridged 
by  c,  the  filament  in  closest  proximity.  More  generally  c  can  represent 

multiple  filaments,  depending  on  the  surroundings.  Except  for  detail  the 

3 

pattern  is  that  proposed  by  Davidson  et  al.  for  computing  remanent  resis¬ 
tance,  with  a  modification  made  to  Include  the  proximity  effect.  The 
region  separating  filament  c  and  n  or  b  is  not  entirely  normal,  since 

superconductivity  extends  into  the  matrix  material  in  proximity  to  the 

4  5 

superconducting  filaments,  ’  thereby  shortening  the  thickness  of  the 
normal  layer.  An  outline  of  the  theory  is  as  follows:  (a)  Only  one 
mechanism  for  conduction  is  assumed:  proximity  aided  percolation  between 
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Owij.  7770A3O 


Fig.  1  -Model  for  the  pattern  of  microscopic  current  flow  in  response 
to  an  applied  electric  field  along  the  1  axis.  Filament  c  is  the  closest 
filament  to  the  pair  nb.  The  figure  shows  the  cross-section  of  the 
ribbon-like  filaments  where  d  is  the  thickness,  d'  is  a  thickness 
which  includes  the  proximity  effect,  s  is  the  separation  between 
filaments,  s'  Is  the  thickness  of  the  proximity  layer,  and  s"  is  the 
thickness  of  the  normal  region  between  filaments. 
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neighboring  filaments.  (b)  When  the  proximity  layer  surrounding  filament 
c  overlaps  those  surrounding  n  and  b  a  superconducting  connection  exists. 
Otherwise  the  connection  is  resistive.  (c)  When  the  average  value  of  the 
Spacing  s  {see  Fig,  1)  is  large  compared  with  the  thickness  of  the  proxi¬ 
mity  layer  the  distribution  of  values  for  s  is  important.  (d)  The  thick¬ 
ness  s’  of  the  proximity  layer  in  a  given  material  depends  only  upon 
temperature  and  the  magnetic  field.  (e)  An  additional  assumption  which 
is  made  in  connection  with  the  present  calculation  is  that  the  transition 
temperature  for  microscopic  superconductivity  in  a  filament  depends  upon 
the  local  density  of  filaments. 

For  a  high  current  density  superconduc:tor  the  filaments,  obvi¬ 
ously,  must  be  closely  packed,  and  this  case  was  considered  in  some  detail 
in  Ref.  2.  The  loosely  packed  case  considered  here  may  have  less  promise 
for  a  practical  superconductor,  but  it  offers  a  critical  test  of  the 
theory . 
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THE  CRITICAL  CURRENT 


The  average  separation  between  filaments  depends  upon  the  frar 

tion  of  superconductor  in  the  composite  and  the  amount  of  mechanical 

4  6 

reduction  Re  performed  upon  the  conductor.  ’  For  small  fractions  of 
superconductor  and  relatively  small  values  of  Re  the  average  separation  i.; 
large  compared  with  the  extent  of  the  proximity  layer,  and  it  is  Imr  ic, t 
to  consider  the  distribution  of  values  of  s.  Only  the  relatively  few 
filaments  bridged  by  a  third  filament  with  a  small  value  of  s  contribute 
to  the  critical  current. 

The  separation  s  in  Fig.  1  is  associated  with  the  n*"^  filament, 
and  in  Fig.  2  a  schematic  curve  is  shown  for  the  distribution  of  values  of 
s,  where  s  is  considered  as  a  continuous  variable.  For  filaments  aligned 
along  the  conductor  axis,  the  current  carried  by  the  conductor  in  weak, 
electric  fields  is  approximately 


I 


f(s) 


ds 


(1) 


where  I^(s)  is  the  average  axial  current  in  a  filament  having  a  separat ; 
s  from  its  nearest  neighbor  In  another  chain,  and  f(s)  ds  is  the  numtifr  •) 
tiJ.iments  in  the  range  between  s  and  s+ds  which  intersect  a  given  crns'- 
section.  Filaments  with  s  less  than  2s' ,  which  is  twice  the  thickness  or 
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Curve  7406  I  I -A 


Superconducting 


Fig.  2- Distribution  function  f  (s)  for  the  perpendicular  separation 
of  a  filament  from  its  closest  neighbors  (schematic ).  2s'  is  twice  the 
•hickness  of  the  proximity  layer.  For  s  <2s’the  proximity  layers  over¬ 
lap  and  the  connection  between  a  filament  and  its  surroundings  is 
superconducting 
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the  proximity  layer,  have  a  superconducting  connection  with  their 
bors,  and  the  critical  current  for  a  superconducting  state  is 

2s' 

Ic  =  i  I  Icf 

o-* 

vnere  1  ,(s;H,T)  is  the  critical  current  for  a  filament.  The  fact 
ct  ~ 

arises  because  the  current  varies  along  the  length  of  the  filaitu 

I  ^  at  the  middle  to  zero  at  the  end.  Since  s'  is  also  a  fum t . 

magnetic  field  H  (regarded  nere  as  the  applied  field)  and  temiJv.. 

with  a  aiaximum  value  s' (0,0)  and  a  minimum  value  equal  to  zer. 

tical  current  density  has  a  stronger  dependence  on  H  and  T  than  i 

superconductor,  due  to  the  upper  limit  on  ttie  integral.  [f 

filaments  in  the  integral  of  Eq.  (2)  is  approximately  the  same  i 

wii:  be  found  to  be  the  case  only  at  temper atures  not  too  close 

since  T  is  different  in  different  filaments.  For  small  s'  tru; 
c 

I  ^  for  small  s  should  be  used.) 
cf 


2s’ 

o-* 

■'h'l!  I  ^  is  ilet  iTtnined  b'-  the  liJamont  raLliei  tiuiii  t  1k-  (noxiniif 
at  i  given  field  and  remperaturt  ..i  a  function  that  depend  ■ 

.  ;  forces  in  the  filaments,  while  the  integral  depends  on  t 

ment  distribution.  The  additional  temperature  and  field  dependtr; 
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is  now  isolated  in  the  integral  factor.  If  N  is  the  total  number  of  fila* 
ments  intersecting  any  conductor  cross  section 


f(s)  ds  =  N  , 


(  4) 


and  if  each  filament  has  the  area  a,  and  the  conductor  has  the  are.i  A. 
then 


N 


(51 


where  X  is  the  fraction  of  superconductor  in  the  composite.  It  follows 
from  these  results  and  (3)  that 


I 

c 


2s’ 


AXj 


cf  o' 


f(s)  ds 


f(s)  ds 


(b) 


where  is  the  filamentary  critical  current  density.  The  ratio  of  the 

two  integrals  in  (6)  is  the  fraction  of  filaments  with  values  of  s  less 

than  2s',  which  will  be  denoted  as  N,  ,/N.  If  j  is  defined  to  be  the 

c 

iverage  current  density  I^M,  Eq.  (6)  can  be  written  as 


i  '*2,' 

J,  =  2  WOiH.T) 


(7) 
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and  when  2s'  is  small  compared  with  the  average  value  of  s,  j  will  be 

c 

quite  small  compared  with  The  equation  holds  within  the  ap:  roxima- 

tion  (3). 
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TRANSITION  TEMPERATURE  FOR 
MACROSCOPIC  SUPERCONDUCTIVITY 

In  the  theory  for  ordinary  superconductors  the  temperature  which 
results  in  the  loss  of  superconductivity  depends  only  on  H.  For  an 
in  situ  material  the  te^iperature  for  transition  between  a  macroscopic 
superconducting  and  non-superconducting  state  will  depend  on  the  current, 
or  average  current  density  j  *  7,  in  addition  to  the  magnetic  field.  The 
transition  at  a  fixed  current  is  caused  by  the  appearance  of  a  normal 
layer  s"  for  some  of  the  filaments  carrying  the  supercurrent.  Since  only 
a  stoall  part  of  the  total  volume  is  changed  from  superconducting  to 
normal  the  current  is  easily  held  constant  at  the  transition  by  the  appli¬ 
cation  of  a  small  electric  field.  The  resistive  state  will  occur  whenever 

I  becomes  smaller  than  the  fixed  current  I,  forcing  filaments  with  rcsis- 
c 

tive  connections  to  carry  the  excess  current.  Thus  the  temperature  pro¬ 
ducing  the  transition  is  defined  by  the  equation  I^  =•  I,  or 

2s’(H,T) 

i  I  I^^(s;H,T)  f(s)  ds  «  I  (8) 

o 

with  a  solution 

T-T^(j,H)  (9) 
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which  decreases  with  increasing  j  and  H.  will  be  called  the  transition 
temperature  for  macroscopic  superconductivity,  or  the  first  critical  tem¬ 


perature.  For  j  »  I  =  0,  is  the  temperature  which  makes  the  proximity 
layer  thickness  approach  zero,  assuming  f(0)  4  0.  [For  f(0)  »  0,  is  the 


temperature  which  makes  s' 
between  filaments.) 


s  .  /2  where  s  .  is  the  smallest  separation 
min  min 


% 
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with  Che  resistance  of  a  filament  and  £  Its  length,  y  is  a  small  pa¬ 
rameter  which  Insures  that  the  value  of  given  by  (12)  is  less  than 
For  values  of  s  between  2s'  and  2s '+y  the  filaments  carry  a  critical  cur¬ 
rent  even  though  they  are  resistive.  However,  for  very  small  electric 
fields  Y  approaches  zero,  and  approaches  I^. 
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Substituting  (12)  into  (10),  solving  for  E  and  calculating  the 
conductor  resistance  R  =  EL/I  where  L  is  the  conductor  length,  one  obtains 


where 


I 

L 


f(s)  ds 


2s’ +y 


(13) 


(14) 


From  previous  results  [Eq.  (8)  of  Ref.  2],  the  resistance  for  supercon¬ 
ducting  filaments  is  found  to  be 


R 


f 


8p  d'  A„  s" 
in  t 
_ 


(15) 


where  p  is  the  resistivity  of  the  normal  layer  of  thickness  s",  and  A. 
is  the  local  value  of  A .  It  is  shown  in  the  following  section  that  fila¬ 
ments  having  a  value  of  s  greater  than  a  critical  value  s  are  normal,  and 

c 

since  R^  given  by  (15)  is  small  compared  with  a  normal  resistance,  one  may 
write 
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8p  L  d' 
01 


s 

’  ^  f(s)  ds 
j  Xp(s-2s') 
2s'+y 


R  -1  ill 

m  8d '  N 


s 


X  f(s)  ds 
X^  (s  -  2s') 


(16) 


where  R  is  the  resistance  of  a  conductor  with  resistivity  p  (which  for 
m  m 

thin  layers  may  differ  somewhat  from  bulk  material) .  For  the  special  cpse 
where  the  lower  limit  Is  small  and  the  upper  limit  is  large  compared  with 
the  average  value  is  relatively  insensitive  to  the  limits  of  the 

Integral,  and  a  very  rough  estimate  for  (16)  in  this  case  gives 


R 

o 


R  8d’  s 


m  av 


(17) 


R  8X 
m 


1/2 


Re' 


which  is  sufficient  to  show  that  even  for  moderately  elongated  filaments, 
R  is  small  compared  with  R  . 

The  behavior  described  by  (13)  will  terminate  at  a  second  tran¬ 
sition  temperature  which  results  from  a  critical  number  of  filaments 
becoming  normal. 
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THE  SECOND  TRANSITION  TEMPERATURE 


It  has  been  shown  by  Luhman  and  Suenaga  that  the  critical  tem¬ 
perature  T^  for  superconductivity  in  a  continuous  multifilament  wire 
depends  upon  the  fraction  of  superconductor  in  the  wire.  The  effect  is 
attributed  to  stresses  established  during  cool-down,  as  a  result  of  the 
difference  in  thermal  expansion  between  the  filament  and  matrix-  For 
reasons  noted  by  the  authors  the  stresses  are  very  difficult  to  calculate, 
but  they  may  be  Inferred  from  the  measurements.  The  lower  the  filament 

concentration  the  lower  the  observed  T  . 

c 

For  filaments  of  a  <^cw  thousand  angstroms  or  less,  a  similar 
behavior  is  expected  due  to  the  proximity  effect.^  Whatever  the  cause 
may  be,  the  assumption  is  made  that  for  a  non-uniform  filament  distribu¬ 
tion  the  T^  for  microscopic  superconductivity  depends  upon  the  local  con¬ 
centration  of  filaments.  It  follows  from  this  assumption  that 

T  =  T  (s)  (18) 

c  c 

with  the  maximum  value  T  (0)  and  minimum  value  T  (s  ).  Thus  the  tem- 

c  c  max 

perature  at  which  a  I llament  becomes  norma]  is  a  function  of  H  and  s.  For 
temperatures  within  the  range  where  some  filaments  are  normal,  a  critical 
value 
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(19) 


s  =  s  (H,T) 
c  c 

exists  such  that  for  s  >  s  the  filaments  are  normal,  and  for  s  <  s  they 

c  c 

are  superconducting. 

Consider  the  maximum  current  which  can  be  carried  by  supercon- 

* 

ducting  filaments  in  a  strong  electric  field.  This  is  given  by  +  AI 
where 


I  ,  f(s)  ds 
cr 


(20) 


represents  the  maximum  current  that  can  be  carried  without  exceeding  the 
critical  current  density  in  the  filaments,  and  &I  is  due  to  the  increase 
of  filament  current  beyond  its  critical  value.  Thus  the  total  current  in 
a  strong  electric  field  is 


I*I*+AI+I  (21) 

c  nor. 


where  I  is  the  normal  current  flowing  in  the  matrix  and  the  normal 
nor  ® 

filaments,  given  by 


I 

nor 


LE 

nor. 


IR 

R 

nor. 


(22) 
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with  Che  resistance  of  the  normal  part  at  any  teraperaturt: .  AI  is 

given  by 


AI 


f(s) 


ds 


where  AI^ 


can  be  approximated  by  the  empirical  expression 


AI 


f 


(23) 


A  and  E  are  constants  for  the  filament, 
o 

Both  AI  and  I  require  relatively  large  electric  fields  for 

* 

appreciable  values.  The  current  I^  corresponds  to  the  current  resulting 
when  a  critical  current  exists  in  all  superconducting  filaments  over  their 

A 

entire  length.  The  value  I  /2  is  achieved  in  very  small  electric  fields, 

c 

A 

but  for  currents  I  approaching  I  and  beyond  the  electric  field  roust  rise 

c 

rapidly.  It  follows  that  the  temperature  T  *  T2(j,H)  obtained  from  the 
equat J  on 


I^*(H,T)  =  I  (24) 


defines,  approximately,  a  second  macroscopic  critical  temperature. 

* 

The  resistance  for  I  above  I^  is  determined  by  solving  Eq.  (21) 
for  the  electric  field.  At  temperatures  approaching  the  highest  value  of 
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T^(s),  where  all  the  filaments  become  normal,  and  approach 
and  (21)  reduces  to 


I 


nor.  ’ 


and 


R  =  R 

o  nor. 


where  R  is  the  resistance  of  a  fully  normal  conductor, 

onor.  ^ 


zero. 


(25) 


(26) 
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COMPARISON  WITH  MEASUREMENTS 


A  schematic  curve  showing  the  features  of  the  calculated  results 
as  a  function  of  temperature  is  given  in  Fig.  3,  which  may  be  compared 
with  the  measurements  of  Lobb  et  al.^  reproduced  in  Fig.  A.  For  smaller 
values  of  current  T^  and  T^  will  shift  to  the  right,  and,  therefore,  the 
calculated  curve  is  in  good  qualitative  agreement  with  the  measurements. 

A  plot  of  the  critical  current  density  as  obtained  from  a  point  on  each 
of  the  four  measured  curves  is  shown  in  Fig.  5,  along  with  a  curve  for 

•k 

obtained  in  a  similar  way.  The  dashed  curve  in  the  figure  corresponds 
to  j  divided  by  Ij  ^T)/2j^^(0).  To  obtain  the  latter,  the  approximation 

9 

was  made  that  for  no  applied  magnetic  field,  j  -(T)  is  a  linear  function 

cr 

of  T  which  goes  to  zero  near  since  in  Eq.  (7)  refers  to  the  cri¬ 

tical  current  density  of  a  filament  with  small  s  and  high  T^.  It  is 
immediately  observed,  as  predicted,  that  the  in  situ  critical  current  den¬ 
sity  has  a  much  different  temperature  dependence  than  the  filament  current 
density.  With  the  use  of  Eq .  (7)  the  dashed  curve  in  Fig.  5  is  a  measure 
of  For  an  assumed  value  of  5  x  10  amps/cm  for  it 

follows  that  at  T  =  0,  ~  0.04.  To  obtain  a  rough  calculated  esti¬ 

mate  of  N„  ,/N,  let  f(s)  be  treated  as  constant  with  a  cut-off  at  s  =  2s 

2s  av 

Thus  -  s’/s^^.  Equating  this  result  with  the  measured  value,  and 

noting  that  for  circular  filaments  s  ~  dZ/i”  -  5  wm  for  the  measured 

av 

material,  one  obtains  a  value  of  s' (0,0)  -  0.2  pm  derived  from  the 
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Curve  7^U5  I  2-e 


I  <  I,  >c  1  ‘c  ‘  '  V 


Fig.  3-  Plot  of  logarithm  of  the  resistance  vs  temperature  for  a 
fixed  value  of  current  I  and  magnetic  field.  T  and  T  are 

^min  ^max 

the  minimum  and  maximum  T  for  filaments.  T,  and  T-  are  the 

c  1  £ 

macroscopic  critical  temperatures 
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measurements.  This  is  just  the  order  of  magnitude  one  would  expect  for 

4  5 

the  proximity  length.  ’ 

With  the  use  of  the  critical  current  density  curve  of  3 

and  the  measured  values  of  and  one  can  calculate  in  the  range 

between  and  with  the  aid  of  Eq.  (13).  The  result  is  shown  in  Fig.  6 
which  again  compares  favorably  with  Fig.  4,  if  is  assumed  to  be  only  a 
weak  function  of  temperature. 

The  plateau  in  the  curve  of  Fig.  3  will  disappear  under  any  set 
of  conditions  where  T^  ^  ^2'  these  conditions  have  not  been  inves¬ 

tigated  in  general,  it  is  clear  that  tends  to  approach  T2  when  (a)  the 
filaments  are  more  uniformly  spaced,  (b)  when  the  current  I  is  relatively 
small,  and  (c)  when  the  temperature  dependence  of  is  weak. 
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Fig.  5  “  J  and  J*  as  deduced  from  the  data  in  Fig.  4. 

for  no  applied  field  Is  estimated  by  assuming  the 

relation  J  ,  (T)  =  J  -  (0)  11  -1/7  1  where  5  x  10^ 
cf  cf 

amps/cm2  is  assumed  for  (0) 


1.0 


5' 
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APPEHDIX  C 

EFFECT  OF  TWIST  ON  WIRES  MADE  FROM 
IN  SITU  SUPERCONDUCTORS* 

W.  .1.  Carr,  .Ir. 

Westinghouse  R&D  Center 
Pittsburgh,  Pennsylvania  15235 

ABSTRACT 

The  effect  of  twist  on  the  transverse  field  hysteresis  of 
in  situ  superconducting  wires  is  assumed  to  result  from  a  lowering  of  the 
axial  critical  current  density  due  to  anisotropy  of  critical  current  den¬ 
sity  in  the  material.  In  weak  transverse  magnetic  fields  the  twist  raises 
the  hysteresis  loss,  while  in  stronger  fields  the  twist  lowers  the  )(»ss. 

It  is  shown  that  the  axial  critical  current  density  determined  from  hys¬ 
teresis  or  magnetic  moment  measurements  in  a  twisted  wire  can  be  lower 
than  the  value  obtained  from  transport  measurements. 


Supported  by  the  Air  Force  Aero  Propulsion  Laboratory,  Contract 
No.  F33615-81-C-2040. 
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INTRODUCTION 


Measurements  in  a  transverse  magnetic  field  of  the  dc  hysteresis 

for  in  situ  superconductors  indicate  that  in  many  samples  the  loss  is  that 

which  would  exist  in  a  pure  superconductor  of  the  same  dimensions  and  cri- 

1  2 

tical  current  density,  ’  and,  therefore,  much  larger  than  the  hysteresis 

1-5 

of  an  ordinary  multifilament  conductor.  Nevertheless,  it  has  been  shown 
that  twisting  the  conductor  can  change  the  hysteresis,  sometimes  by  as 
much  as  a  factor  of  ten.  A  model  for  an  in  situ  superconductor  was 
recently  proposed  by  the  author,^  and  it  was  suggested  that  the  effect  of 
twist  is  related  to  a  large  anisotropy  in  critical  current  density  which 
may  be  present  in  in  situ  materials.  A  more  detailed  analysis  of  this 
effect  is  presented  here. 
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THE  CRITICAL  CURRENT  DENSITIES 


In  the  model  referred  to  it  is  assumed  that  in  an  in  situ  mate- 

7  8 

rial  the  filaments  are  in  the  shape  of  ribbons  ’  with  the  principal  axes 
denoted  by  1,  2,  3  where  the  1  axis  is  along  the  length,  the  2  axis  along 
the  width  and  the  3  axis  along  the  thickness.  A  vanishingly  small  elec¬ 
tric  field  along  the  1  axis  produces  a  critical  current  density 
which,  of  course,  depends  upon  the  temperature  and  the  magnitude  and 
direction  of  the  magnetic  field.  If  the  in  situ  material  is  superconduct¬ 
ing  in  all  three  directions  critical  current  densities  j  _  and  j  .  exist 
“  ''c2  -'cl 

for  the  other  principal  directions. 

Neighboring  filaments  along  a  given  chain  are  assumed  to  be 
electrically  connected  by  the  proximity  effect  via  filaments  in  a  differ¬ 
ent  chain.  The  critical  current  density  is  determined  by  either  the  fila¬ 
ment  or  the  proximity  layer.  If  the  wire  has  been  subjected  to  a  large 
mechanical  reduction  to  produce  very  long  filaments,  one  may  postulate 
that  in  the  1  direction  j^  is  determined  by  the  filament,  and^ 


^cl  “  2  -^clf 


(1) 


where  X  is  the  fraction  of  superconductor  in  the  composite  and  is  the 

critical  current  density  of  a  filament  along  its  length.  The  factor  ^ 
comes  from  an  average  over  the  length.  In  a  direction  through  the 
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thickness  of  the  filament  the  critical  current  density  of  the  proxi¬ 
mity  layer  will  dominate,  providing  is  small  compared  with  the  fila¬ 
ment  critical  current  density,  and 


^c3  =  ^cp 


(2) 


For  a  ribbon  where  the  ratio  of  width  to  thickness  w/d  is  less  than  the 

order  of  10,  one  would  expect  that  i  „  is  the  order  of^  XI  w/4d, 

-^c2  cp 

assuming  the  filaments  are  arranged  uniformly  enough  to  permit  supercon¬ 
ductivity  in  this  direction.  For  typical  values  of  X  and  w/d,  j^2 
be  the  smallest  of  the  critical  current  densities.  For  simplicity  it  will 
be  assumed  that  the  wire  is  not  superconducting  along  the  2  direction,  and 


When  small  electric  field  components  exist  simultaneously  in 
more  than  one  principal  direction  the  assumption  will  be  made  that  the 
critical  current  densities  are  the  same  order  of  magnitude  as  those  meas¬ 
ured  for  a  single  electric  field  component.  In  the  case  of  and 
this  assumption  is  reasonable  because  the  two  critical  current  densities 
are  determined  by  different  mechanisms.  The  argument  is  as  follows:  in 
the  case  of  alone  the  current  density  flowing  across  the  proximity 
layer  surrounding  a  very  long  filament  is  much  smaller  than  the  critical 
current  density  of  the  proximity  layer  and,  therefore,  when  an  additional 
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field  component  is  applied,  tending  to  produce  a  unidirectionai  current 

density  1  _  through  the  proximity  layer,  this  current  is  not  seriously 
c  J 

restricted  by  the  presence  of  ^£2  interact  more  strongly  with 

the  other  components  but  its  value  is  less  important. 

It  follows  from  the  assumption  of  independent  values  for 
j^2  jj.3  that  the  critical  current  can  now  be  specified  in  any  direc¬ 
tion;  for  insofar  as  the  approximation  is  valid,  the  magnitude  of  the 
current  density  which  can  flow  in  an  arbitrary  direction  is  determined  by 
the  fact  that  its  components  along  the  i>r  inci  p.il  axes  ol  tin'  1  i  laments 
cannot  exceed  the  critical  values  approximated  by  Eqs.  (1),  (2)  and  (3). 
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ORIENTATION  OF  FILAMENTS  IN  A  WIRE 
AND  THE  AXIAL  CRITICAL  CURRENT  DENSITY 


It  is  reasonable  to  expect  that  In  a  highly  reduced  untwisted 

wire  the  filaments  tend  to  be  packed  as  idealized  in  Fig.  1,  where  the 

width  is  along  the  radial  direction,  the  filament  thickness  is  along  the 

circumferential  direction  and  the  filament  length  is  along  the  length  of 

the  wire,  or  z  direction,  in  cylindrical  coordinates  R,  6,  z.  Electron 

micrographs  (Fig.  2)  seem  to  confirm  this  assumption  near  the  surface, 

although  the  packing  Is  far  from  ideal. 

Consider  now  the  effect  of  twist  in  the  wire  as  in  Fig.  3.  For 

ideal  packing  the  unit  vectors  and  a^  for  the  filaments  are  given 

9 

in  terms  of  the  unit  vectors  for  the  wire  coordinates  by 


2ir  R  ' 
— t —  a 


a  +  — 
z  L 

■^9 

~  ■ 

1/2 

11  ^ 

L  J 

a 


2 


(5) 


^3  = 


2ir  R  * 
a..  ~  ; —  a 

0  L  z 


1  + 


r''^' 


1/2 


J 


(6) 
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Owg.  7773A4i4 


Fig.  3  -Unit  vectors  a^,  a^.  and  a^  for  the  twisted  filaments 
and  the  unit  vectors  a^,  a^.  a^  for  the  cylindrical  conductor. 


where  L  is  the  twist  length.  If  a  current  density  =  j  flows  down  the 
wire  it  has  components 


1  + 


2it  R 


-1/2 


and  -j 


2ti  R 


n'1/2 


2ti  R 


in  the  1  and  3  directions  of  the  filaments.  For  relatively  large  twist 

lengths  the  components  reduce  to  j  and  -j  2Tr  R/L.  But  the  magnitude  of 

these  components  must  be  less  than  the  critical  current  densities  j  ,  and 

c  L 

respectively,  and  the  maximum  value  that  j  can  take  if  it  flows 
entirely  along  the  z  axis  is  either 


A  • 

=  2  -'cif 


or 


•  -  I'  • 

^  2t:  R  ^c3 


L 

In  R 


(8) 


whichever  is  smaller.  In  anticipation  of  later  results,  one  may  call  this 
value  of  j  the  axial  critical  current  density  j'  obtained  from  a  hysteresis 
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measurement.  When  the  twist  length  is  very  long  j'  is  given  by  (7),  but 

c  z 

for  smaller  L,  j*  is  determined  by  (8),  except  near  the  axis  of  the  wire. 


HYSTERESIS  LOSS 


For  the  case  of  full  penetration,  it  is  shown  In  Che  Appendix 
that  in  order  to  avoid  divergence  of  current  when  a  changing  transverse 
magnetic  field  is  applied  to  the  wire,  one  component  of  the  current  den¬ 
sity  must  be  free  to  take  arbitrary  values.  It  follows,  therefore,  chat 
one  of  the  electric  field  components  and  E^  must  vanish.  (An  idea 
along  these  lines  has  been  investigated  independently  by  Murphy. If 
=  0,  the  power  density  E  •  ^  is  equal  to  1e^|  ^3  “ 

E  *  i  *  |Ej^1  terms  of  the  components  for  the  wire  coordinates, 

it  is  shown  in  the  Appendix  that  E  •  j  *  E  j  in  both  cases,  nd  i  is 

■“  *  2  Z  '  Z 

the  only  non-vanishing  current  component.  In  other  words,  the  current 

Induced  by  a  transverse  magnetic  field  is  a  "shielding”  current  which 

flows  down  the  axis  of  the  wire  on  one  side  and  returns  on  the  other  side. 

If  this  is  assumed  to  be  the  case  in  general  the  hysteresis  loss  is  the 

same  as  in  an  ordinary  bulk  superconductor,  and  the  critical  value  of 

is  j'  calculated  in  the  previous  section, 
cz 

In  weak  magnetic  fields  the  hysteresis  loss  depends  inversely  on 

j'  ,  because  larger  values  provide  more  efficient  shielding  and  allow  less 
cz 

penetration.  Since  for  L  *  follows  that  for  heavily 

twisted  wires  where  a  L  j^p/2ir  the  hysteresis  Q  is  given  by 

2Tr  R  j 

q(L)  =*  Q(»)  (9) 

•^cp 
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In  weak  applied  fields  H  small  compared  with  the  penetration  field. 

A 

R  is  the  radius  of  the  wire,  and  for  a  Bean  model  QC")  is  proportional 
to  h/. 

For  the  case  where  is  large  compared  with  the  penetration 
field,  the  loss  is  directly  proportional  to  j '  ,  and 


Q(L)  = 


L  j 


CP 


2it  R  j 
o  cl 


Q(oo) 


(10) 


where  QC*)  is  now  proportional  to  H  .  In  reality,  an  average  value  of 

A 

i*  over  the  wire  should  be  used  in  (lO),  but  since  most  of  the  area  is 
cz 

near  the  outside,  the  result  is  approximately  given  by  (10), 

In  a  qualitative  sense  the  bt;havior  described  by  (9)  and  (10)  is 

just  that  observed  in  the  measurements  of  Braginski  and  Wagner^  shown  in 

2 

Fig.  4,  and  Shen  and  Verhoeven  in  Fig.  5.  The  data  indicate  in  the 

latter  case  a  value  of  j  ,/j  of  about  30,  while  in  the  former  it  is  in 

■'cl  ■'cp 

the  neighborhood  of  10  to  20,  with  the  high  field  value  smaller  than  the 

low  field  value.  Since  A  -  0.2  for  these  samples  it  follows  that  j  ,-/j 

^  -'clf  ■'cp 

is  in  the  range  of  100  to  300. 

It  is  of  interest  to  compare  the  behavior  of  twisted  in  situ 
wires  with  continuous  filament  conductors.  When  the  latter  are  twisted  a 
noj-niul  ri’s f .stance  is  introduced  Into  tJio  path  along  tlie  .i.xls,  and  thi.'  cri¬ 
tical  current  density  j'  goes  to  zero.  When  the  in  situ  wires  are 

cz 

twisted  j'  does  not  go  to  zero,  but  it  does  fall  to  a  smaller  value, 
cz  ® 
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MqHc  <T) 


Fig.  5“Hysteresis  losses  of  composites  with  different  twist 
parameters.  =2  tt  R  /L  Taken  from  Shen  and  Verhoeven 


THE  CRITICAL  CURRENT  DENSITY  FOR  TRANSPORT 


When  critical  current  density  is  measured  from  transport  in  a 
well-twisted  In  situ  wire,  a  value  different  fretn  the  value  ubtaimd  (cum 
the  hysteresis  or  magnetic  moment  can  be  expected.  When  a  smalJ  uniform 
electric  field  is  applied  along  the  z  axis,  the  current  density  is  simply 

i  "  ^cl  ^1  ^1  ^c3  ^3  ^3  • 

and  (see  the  Appendix) 


(12) 


where  sgn  E^  =  -sgn  E_  =  sgn  E  .  Thus,  for  small  2n  R  /L,  as  measured  by 

i  i  Z  O 

transport 


cz 


=  J 


cl 


(13) 


which  can  be  considerably  larger  than  when  Eq.  (8)  applies.  The 

source  of  the  difference  lies  in  the  fact  that  in  the  transport  measure¬ 
ment  the  electric  field  is  independent  of  9,  and  no  problem  exists  with 
the  divergence  of 
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APPENDIX 


=  0  ,  (A-4) 

and  are  given  by  the  critical  current  densities,  unless  the  electric 

field  along  one  of  the  principal  directions  vanishes,  in  which  case,  if 

“0,  the  current  component  can  take  any  value  between  ± 

current  density  must  satisfy  div  i  *  0,  which  reduces  to  3j  /30  =  0,  since 

& 

for  a  long  wire  the  current  density  is  independent  of  z.  In  addition  it 
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will  be  assumed  that  the  average  value  of  must  vanish,  corresponding 
to  no  net  transport  current. 

•  • 

After  full  penetration  of  the  wire  B  s  H  and  the  electric  field 
in  this  approximation  is 


E  =  -H,  R  sin  0  a  +  V(J)  (A-5) 

~  A  z 

where  (}>  depends  only  on  R  and  0.  The  components  of  electric  field  along 
the  filament  axes  are 


|-H  R  sin  0  + 

1  + 

’2ti  r1 

2 

[A  L  36j 

.  L  J 

,1-1/2 


(A-6) 


^3  = 


—  H  R^ 
L  ”a 


sin  6  + 


R  90j 


■n-1/2 


1  + 
L 


2it  R 


(A-7) 


E 


2 


3R 


(A-8) 


Solutions  can  be  investigated  for  four  cases  where  (a)  =  0, 

0;  (b)  *  0,  5^  0;  (c)  Ej^  0,  E^  5^  0  and  (d)  =  E^  =  0.  But 

for  non-vanishing  (d)  is  not  allowed  by  (A-6)  and  (A-7),  and  since  the 
signs  of  and  change  with  0,  no  divergenceless  solution  for  ^  can  be 
found  in  case  (c) .  Thus  only  (a)  and  (b)  need  be  considered. 

For  case  (b) ,  sgn  E^^  where 
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•  2  7T 

P’  ^  -H  R  sin  0  J  + 

1  A  L 


(A-’)) 


and  sgn  is  equal  to  -H^  sin  6/1^^  sin  oj.  Then  since  9jg/30  must 
vanish  it  follows  from  (A-3)  that 


,  2,  R  ,  “a  ®  . 

J3  ■  — 


(A-10) 


H,  sin  6 
A 


But  (A-10)  can  apply  only  when  the  magnitude  of  tiie  right-hand  side  is 
equal  to  or  smaller  than  maximum  value  of  the  magnitude  of  the 

right-hand  side  at  a  fixed  value  of  R  is  2it  R  |f(R)|»  and  the 

range  of  the  solution  is  given  by 


R  <  T-^- — J  1 


-  |f(R) 


(A-11) 


where  the  maximum  range  corresponds  to  f(R)  =  0.  With  this  choice 


jg  =  0 


(A-12) 


H  sin  0 

A  ,  ,  Utt 

j  =  _j  ^ ^  ^  hr 

^  iH  sin  9j  [_  I-  ^ 


(A-13) 
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wtiic.li  leads  to  no  net  transport  current.  The  power  density  E  •  j  Is 
equal  to  E^  (or  j^)  which  Is  obt.aincd  with  the  aid  of  (A-9).  There¬ 

fore,  for  R  <  L  j  -/27r  j 

''c3  ''cl 


E 


i  = 


'cl 


(A-14) 


and  if  L/2tt  R  >  j  ,/j  where  R  is  the  radius  of  the  wire,  this  solu- 
o  cl  CJ  o 

tlon  holds  over  the  entire  wire. 

For  smaller  values  of  L/2-rr  R  case  (a)  must  be  examined.  In  a 

o 

similar  way  one  obtains  a  solution  valid  for  R  >  L  i  .,/2Tf  i  ,  where 

■^c3  ■'cl 

=  0  (A-15) 


^3  “  2^  «A  ® 


1  ■+■ 


'Zrr  r'' 


nl/2 


(A-16) 


.1 


1  2Tr  R  Jc3  I-  ,  ^ 

H  sin  0 
A  ' 


H  sin  6 
A 


(A-I7) 


h  "  -^03 


H,  sin  0 
A _ 

1h^  sin  e] 


(A-18) 


1  + 


271  R 


2-11/2 


(A-19) 
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(A-19)  has  the  form  of  (A-14)  with  replaced  by  L  R,  and  in  both 

cases  current  flows  only  along  the  z  axis.  The  values  of  the  current  cor¬ 
respond  to  those  given  by  (7)  and  (8)  in  the  text. 

If  L  ^^,3/211:  is  small  compared  with  the  last  solution 

holds  o/er  most  of  the  volume  of  the  wire,  but  unfortunately  it  does  not 
include  the  origin.  One  may  note  that  the  model  for  the  packing  of  fila¬ 
ments  is  most  plausible  near  the  outside  of  the  wire.  Near  the  center  of 
the  wire  it  becomes  rather  Implausible,  and,  indeed,  it  seems  to  provide 
no  simple  solution  for  the  electric  field  that  matches  the  boundary  condi¬ 
tions  for  the  solution  obtained  at  larger  radii.  However,  to  avoid  the 
complication  of  modifying  the  model  one  can  imagine  a  wire  with  a  small 
hole  bored  down  the  center.  The  solution  given  by  {A--15)  to  (A-18)  then 
applies  for  small  values  of  L  over  the  entire  hollow  wire. 
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APPENDIX  D 

EFFECT  OF  TWIST  ON  THE  LONGITUDINAL  FIELD 
LOSS  FOR  AN  IN  SITU  SUPERCONDUCTOR* 

W.  J.  Carr,  Jr. 

Westinghouse  R&D  Center 
Pittsburgh,  Pennsylvania  15235 

ABSTRACT 

The  effect  of  twist  on  the  full  penetration  loss  of  an  in  situ 
superconductor  is  calculated  for  the  case  of  a  longitudinal  applied  mag¬ 
netic  field.  An  increase  in  hysteresis  with  increasing  twist  is  predicted 
due  to  a  large  anisotropy  in  the  critical  current  density.  The  anisotropy 
results  from  the  fact  that  the  critical  current  density  along  the  length 
of  a  filament  in  the  in  situ  material  is  determined  by  the  filament,  while 
along  the  thickness  it  is  determined  by  the  proximity  effect  in  the  matrix 
surrounding  the  filament.  From  the  measurements  of  Braginski  and  Wagner 
the  ratio  of  these  critical  current  densities  is  calculated  to  be  about 
70,  which  is  in  order  of  magnitude  agreement  with  the  value  previously 
found  from  transverse  field  measurements. 


* 

Supported  by  the  Air  Force  Aero  Propulsion  Laboratory  Contract 
No.  F33615-81-C-2040. 
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INTRODUCTION 


An  explanation  for  the  effect  of  twist  on  the  hysteresis  of  an 

in  situ  superconducting  wire  in  a  changing  transverse  magnetic  field  has 

been  given  based  on  anisotropy  of  the  critical  current  density.^  In  the 

2 

model  used  for  the  calculation,  the  in  situ  material  is  assumed  to  be 

made  up  of  chains  of  superconducting  ribbons  embedded  in  a  normal  metal 

which  exhibits  a  superconducting  proximity  effect.  The  principal  axes 

of  the  filaments  are  labeled  1,  2,  3,  where  the  1  axis  is  the  length,  the 

2  axis  is  the  width,  and  the  3  is  the  thickness.  The  filaments  are 

assumed  to  be  packed  into  the  wire  such  that  for  an  iintwisted  wiro  the 

1  axis  corresponds  to  the  z  axis  (length)  of  the  wire,  the  2  direction  is 

radial,  and  the  3  direction  circumferential.  For  a  twisted  wire  with 

twist  length  L,  the  unit  vectors  ,  a^,  a^  for  the  filaments  are  related 

to  the  unit  vectors  a  ,  a  ,  a  in  cylindrical  coordinates  for  the  wire  bv^ 

K  o  2 
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where  R  is  the  radial  distance. 

A  superconducting  in  situ  material  is  assumed  to  have  different 

1  2 

critical  current  densities  along  the  principal  axes.  ’  In  the  case  of 
very  long  filaments 


,  A  . 


where  is  the  critical  current  density  of  a  filament  and  A  is  the 
fraction  of  superconductor  in  the  composite.  In  the  direction  of  the 
thickness 


(5) 


where  is  the  critical  current  density  of  the  proximity  layer.  For 
simplicity  it  is  assumed  that  the  material  is  not  superconducting  in  the 
2  direction  and 


•'c2  -  ^  • 


Further,  it  is  assumed  that  j  and  j  are  independent  of  one  another. 

ci  C  J 

In  the  present  analysis  this  model  is  used  to  compute  the  effect  of  twist 
in  the  case  of  a  longitudinal  applied  magnetic  field. 
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CALCULATION  FOR  A  FULLY  PENETRATED  WIRE 


The  case  of  a  twisted  filamentary  wire  in  a  changing  longitudi¬ 
nal  magnetic  field  is  complicated  by  the  fact  that  due  to  the  twist  a  net 
transport  current  tends  to  be  induced  in  the  wire,  and  since  the  ends  of 
the  wire  prevent  the  flow  of  transport  current,  the  current  distribution 
tends  to  be  dominated  by  end  effects.  One  way  to  avoid  consideration  of 

the  ends  is  to  imagine  that  the  longitudinal  applied  magnetic  field 

3 

changes  its  direction  along  the  length  of  the  wire  or,  alternatively, 

one  can  imagine  a  wire  in  which  the  direction  of  twist  changes  along  the 
4 

length.  However,  for  the  present  calculation  a  simpler  model  will  be 
used  where  both  the  wire  and  the  magnetic  field  are  taken  to  be  uniform, 
but  a  uniform  longitudinal  electric  field  is  also  applied  of  magnitude 
such  that  the  net  transport  current  vanishes  for  any  given  applied  magne¬ 
tic  field.  Only  the  case  of  a  fully  penetrated  wire  will  be  considered, 
since  the  case  of  partial  penetration  is  a  very  much  more  difficult  prob¬ 
lem.  For  a  fully  penetrated  wire  the  time  rate  of  change  of  flux  density 

•  • 

B  is  equal  to  the  time  rate  of  change  of  the  applied  field  H  in  a  Bean 

^  "'A 

model  for  the  current  densities.  From  symmetry  the  field  components 
depend  only  the  radial  distance  R  from  the  center  of  the  wire.  The 
Maxwell  aquations  which  must  be  solved  are 

curl  E  *  -H,  (7) 
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curl  H  =  4ir 


(8) 


since  div  H  =  0  is  automatically  satisfied  by  taking  H  =  0 .  The  equa- 
tion  for  the  divergence  of  E  is  of  minor  interest  because  in  the  present 
approximation  it  simply  defines  the  charge  density  from  the  solution 
already  obtained  for  E.  The  constitutive  equations  are 


ji  =  jci  El  (9) 

j3  =  jc3  ^3  • 


In  the  cylindrical  coordinates  R,  0,  z  for  the  wire  the  electric 
field  components  are  given  by 


E 


0 


ai) 


E 

z 


H  f  R  ^ 
A  L  1 


(12) 


E 


R 


=  0 


(13) 


wh  i  I  ('  the  components  alon^  the  ribbon  axes  are 


E 


i 


2  2 
R/  -  R 

1  + 

'2tt  R 

|2 

1 

L  j 

(U) 
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E 


3 


H  R 
A 

f27r  R  > 
Ilf 

2-, 

2 

'  1  >■  J 

2n  Rpl 


0  5) 


where  R  is  a  constant,  and  H  it  R  /L  represents  the  applied  electric 

X  AX 

field.  The  value  of  is  found  by  demanding  that 


R 

■  o 

j  R  dR  =  0  (16) 


which  is  the  condition  for  no  net  transport  current,  where  R^  is  the 
radius  of  the  wire.  It  is  obsei-ved  from  (lA)  that  at  R  =  the  component 
of  current  density  changes  sign,  and  this  in  turn  tends  to  change  the 
sign  of  which  is  given  by 


j 


z 


2n  R  . 

L  -^3 


1  + 


'2ti  r] 

L  j 


(17) 


Under  the  assumption  that  is  large  compared  with  2tt  R  and  that 

2 

(2-n  R/L)  can  be  neglected  compared  with  unity,  z  and 


R 


1 


2 


(18) 
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CALCULATION  OF  THE  LOSS 


agreement  with  the  measurements  of  Braginski  and  Wagner  shown  in  i  ig.  1 . 
With  the  expressions  (4)  and  v.3)  substituted  into  (22)  one  obtains 


W(L)  -  W(«)  5 

W(<»)  8L  1 

•^cp 


from  which,  according  to  the  measured  results,  is  about  70,  in 

order  of  magnitude  agreement  with  values  previously^  found  from  the  trans¬ 
verse  field  loss.  Exact  agreement  cannot  be  expected  since  the  arrange¬ 
ment  of  filaments  probably  deviates  considerably  from  the  ideal  arrange¬ 
ment  . 
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B  ,  tesla 
m 

Fig,  1  -  Low-frequency  hysteretic  loss  vs.  the  amplitude 
of  parallel  field  in  untwisted  and  twisted  wires  (  D  ~  O.p  mm; 
having  similar  ( Taken  from  BragInskI  and  Wagner^) 


REFERENCES 


W  r.  Carr,  Jr.,  to  be  published, 

w.  J.  Carr,  Jr.,  to  be  published. 

W.  J.  Carr,  Jr.,  J.  Appl.  Phys.  48,  2022  (.197  7). 

K.  P.  Jungst  and  G.  Ries,  IEEE  Trans.  MAG  13,  527  (1977'). 

A.  I.  Braginski  and  G.  R.  Wagner,  IEEE  Trans.  MAG  17.  243  {jpR 


86 


Published  in  Adv.  in  Cryog.  Eng. 
30,  923  (1984). 


APPENDIX  E 


HYSTERESIS  IN  A  FINE  FILMJENT  hfbTi  COMPOSITE* 


W.  J.  Carr,  Jr,  and  G.  R.  Wagner 

Westinghouse  R&D  Center 

1310  Beulah  Road 

Pittsburgh,  Pennsylvania  15235 


INTRODUCTION  AND  SUMMARY 

Recent  progress  has  been  made  toward  the  development  of  multi- 
filamentary  superconductors  having  fine  filaments  which  might  be 
useful  in  ac  applications  because  of  their  reduced  losses.  Eddy 
current  losses  have  been  reported  for  a  mixed  matrix  NbTi  conductor 
with  1.0  /xm  filaments  having  a  tight  twist. ^  Here  we  report  the 
study  of  hysteresis  in  a  conductor  of  the  same  configuration  having 
filaments  1.6  ym  in  diameter.  As  in  Ref.  1,  the  conductor  was 
obtained  from  Oxford  Airco  Superconductors  and  its  physical  charac¬ 
teristics  are  given  in  Table  I. 

Table  I 


Conductor  diameter 

0.036  era 

Filament  diameter 

1.6  ym 

Separation  between  filaments 

0.4  ym 

Fractional  voliome  of  filaments 

0.27 

Twist  pitch 

0.1  cm 

“he  magnetic  hysteresis  loop  was  studied  for  transverse  fields 
and  f'und  to  exhibit  an  unusual  as^Tnmetry  which  is  attributed  to  the 
effect  of  surface  currents,  which  carjiot  be  neglected  in  filaments 
of  this  size.  A  theory  is  developed  for  the  S’urface  current  density 


•» 
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which  allows  a  determination  of  both  surface  and  buUc  current  der-ri- 
\ies  from  the  hysteresis  loop.  The  critical  transport  current  den¬ 
sity  is  obtained  from  such  measurements  and  is  in  reasonably  gocc 
agreement  with  direct  measurements.  For  applied  fields  >  10  kCe  *.;ie 
surface  current  appears  to  dominate  the  buUk  current  in  3etermirdnr 
the  critical  transport  current,  and  for  fields  >  1  IcOe  the  surface 
contribution  dominates  the  hysteresis. 

The  initial  slope  of  the  hysteresis  loop  from  a  virgin  state 
indicates  that  no  proximity  coupling  exists  between  the  filaments, 
as  expected  from  their  separation  given  in  Table  I.  In  addition, 
the  loss  obtained  from  hysteresis  loops  agrees  with  calorimetric  ‘.s 
measurements  and  is  characteristic  of  the  individual  filaments. 


THE  INITIAL  MAGNETIZATION  CURVE 

It  was  shown  by  Shen^  that  the  initial  slope  of  magnetization 
versus  magnetic  field  can  provide  an  accurate  measure  of  X,  the  frac¬ 
tion  of  superconducting  material  in  a  filamentary  composite.  She;: 
used  the  value  -2X/(1  +  x )  for  the  initial  slope  in  a  transverse  .mag¬ 
netic. field.  Actually  this  is  in  reference  to  the  field  H  in 
Maxwell's  equations,^  which  for  a  circular  wire  is  related  to  the 
applied  field  by  H  -  ( 1  +  X )  H^.  Thus 

4rr(  dMj^/dH^ )  =  -2X  {1} 

for  a  virgin  material  near  H^  =  0,  where  Mj_  is  the  transverse  magne¬ 
tization  for  the  composite.  This  result  may  be  compared  with  the 
case  of  a  longitudinal  field  in  an  untwisted  wire  where 

4Tr(dM||/dH^)  =  -X  .  (2) 

The  applied  field  inboth  cases  indicates  the  field  applied  to  the  wire, 
and  in  the  present  measurements,  where  the  sample  was  in  the  form  of  a 
loosely  wound  coil,  a  small  correction  was  necessary  for  the  field  due 
to  neighboring  turns  in  the  sample.  Because  of  the  relatively  tight 
twist  in  the  sample,  only  the  transverse  case  was  analyzed  and  the  twist 
was  ignored.  Using  the  initial  slope  obtained  from  Fig.  1  a  corrected 
value  of  X  =  0.23  is  obtained  from  Eq.  (l)  which  is  in  good  agreement 
with  the  value  of  X=0.27  expected  for  uncoupled,  individual  filaments. 

In  addition,  Fig.  1  shows  that  the  field  Hp  required  to  fully 
penetrate  a  filament  is  approximately  280  Oe.  The  linear  part  of  the 
curve  extends  to  about  50  Oe,  indicating  that  this  is  the  applied 
field  where  fl'ux  penetration  begins.  (The  value  should  be  corrected 
slightly  to  account  for  the  dependence  of  the  London  penetration  depth 
on  the  magnetic  field  but  this  correction  has  been  ignored. )  Sin’c 
the  maximum  field  on  the  surface  of  a  superconducting  filament  is  2H^ 
for  a  transverse  applied  field,  the  measurement  indicates  that 


Kci  *  100  Oe,  if  Hci  is  defined  as  the  field  for  initial  flux  pene¬ 
tration.  Assuming  that  the  surface  current  shields  about  50  Oe  of 
the  applied  field,  one  obtains  230  Oe  for  the  contribution  to  Hp  of 
the  bulk  current  density,  which  reduces  to  about  200  Oe  when  cor¬ 
rected  for  the  field  of  neighboring  turns  in  the  sample.  With  the 
use  of  the  expression  for  IL-  estimated  from  a  Bean  model  it  follows 
that 


0.4  d  =  200  (3) 

c 

where  d  is  the  filament  diameter  in  cm,  and  5  3.1  x  10®  A/cm^  for 
the  bulk  critical  current  density  in  a  field  of  the  order  of  200  Oe 
(plus  the  self-field,  which  is  neglected). 


Fig.  1  —  IJIeasured  magnetization  for  a  virgin  material  in  a  transverse 
field. 


THEORY  OF  THE  SURFACE  CURRENT 

In  the  Jfeissner  region  of  a  type  II  superconductor  only  surface 
c’orrent  density  J  exists,  but  above  the  lower  critical  field  bulk 

currer.t  density  penetrates  into  the  conductor  along  with  the  flux. 

A  question  which  remains  moot  in  superconduc  t-ivity  theory  is  the 
behavior' of  the  surface  current  density  above  Above  in  a 

.’hanring  transverse  applied  magnetic  field,  an  electric  field  E  exists 
■it  th'.-’  curfaue.  wiieri’  E  -  t  i!/^  w,  wi  t.h  vhe  time  rat.e  of  change  of 
a};i'liei,i  fieud  and  w  the  depth  of  ijenetratir>n.  Tlje  plus  o!gn  applies 
over  half  the  surface  and  the  minus  for  the  other  half,  tn  a 
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4 


macroscopic  superconductor  tills  electric  field  is  generally  large 
compared  with  the  London  electric  field  which  is  of  the  order 
where  is  the  London  penetration  depth.  The  following  assumption 
will  he  made  here;  if  the  macroscopic  electric  field  acts  in  the 
direction  of  the  surface  current  density  it  has  a  relatively  small 
effect  on  the  surface  current  density.  If  it  acts  against  the  sur¬ 
face  current  density  over  a  period  of  time  t  such  that  /  E  •  J  dt  is 
greater  than  the  energy  density  associated  with  the  surface  electrons, 
then  the  surface  current  density  is  destroyed.  This  behavior  of  the 
surface  current  is  in  contrast  to  the  behavior  of  the  volume  current 
density,  which  reverses  with  the  electric  field.  The  difference  in 
behavior  results  from  the  fact  that  the  latter  current  arises  from 
electrodynamics  and  the  rate  of  change  of  magnetic  field,  while  the 
former  arises  from  equilibrium  energy  considerations,  and  it  is 
governed  by  the  vector  potential,  or  the  magnetic  field  itself.  Over 
the  course  of  a  hysteresis  loop  startixig  from  a  virgin  state,  a  dis¬ 
tribution  of  surface  current  of  opposite  sign  on  the  two  halves  of  the 
conductor  is  first  induced  by  the  increasing  magnetic  field.  The 
maximum  In  this  current  distribution  reaches  a  critical  value  at  Hd 
and  remains  relatively  constant  as  the  applied  field  continues  to 
increase,  since  the  electric  field  is  in  the  direction  of  the  current 
flow..  But  when  the  applied  magnetic  field  is  reduced,  a  reversed 
electric  field  is  established,  bringing  the  surface  current  density  to 
zero,  where  it  remains  until  the  magnetic  field  and  vector  potential 
change  sign.  At  the  latter  point  the  surface  current  density  reap¬ 
pears  with  opposite  sign.  This  behavior  id  shown  schematically  in 
Fig.  2,.  .  ilie  magnetic  moment  of  current  vortices  in  flux  lines  has 
been  neglected. 


Fig.  2  —  (Schematic)  The  solid  curve  gives  the  magnetic  moment  of  a 
filament  due  to  the  surface  current  density  and  the  dashed 
curve  gives  the  total  magnetic  moment  including  the  bulk  cur¬ 
rent  density  contribution.  Field  dependence  of  the  critical 
current  density  is  neglected.  On  the  paths  marked  I,  Ha  and 
,  Ha  have  the  same  sign,  while  on  II  they  have  opposite  signs. 
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.-JL^LLYSIS  OF  THE  MEASURED  HYSTERESIS  LOOP 

Figure  3  shows  a  large  hysteresis  loop  measured  with  a  Foner 
type  magnetometer,  where  the  sample  was  initially  in  a  virgin  state, 
and  care  was  taken  to  preserve  the  zero  for  magnetic  moment.  vSeveral 
minor  loops  are  included.  The  interesting  feature  of  this  loop  is 
the  extreme  asymmetry  about  the  m  axis,  in  analogy  with  Fig.  2.  From 
the  previous  analysis  one  may  expect  that  the  curve  in  the  lower 
right-hand  quadrant  corresponds  to  a  magnetic  noment  resulting  only 
from  the  bulk  current  density.  Also,  the  sum  of  the  c\irve  in  the 
upper  right-hand  quadrant  with  the  lower  curve  gives  approximately 
the  contribution  of  the  surface  current,  where  the  analysis  can  only 
be  carried  out  beyond  the  peak  at  280  Oe,  since  in  low  fields  below 
the  peak  various  corrections  should  be  applied. 


Fif,  3  —  Measured  hysteresis  loop  i.idicating  several  miner  loops. 


In  a  5ean-type  approximation  (constant  j„  over  the  filament 
cr"'£s-section)  the  magnetic  mioment  of  the  lower  curve  at  any  point  is® 

m:/V  =  0.2  d  j  /C  3ir)  4  ' 

c 

where  V  is  vclume,  and  ail  quantities  refer  to  ar.  individual  filament. 
From  ‘he  rnf'ar.’U’ed  values  of  .ci  one  can  plo*  J,.,  as  a  function  of  H,  and 
this  i.'  done  in  Fig.  4. 


Fig.  4  —  The  bulk  current  density  - ;  the  surface  current  density 

Jo, - ;  4JoAd,  The  points  between  1  and  17  kOe  were 

obtained  from  Fig.  3-  The  points  marked  with  a  circle  at 
H  »  200  Oe  were  obtained  from  Fig.  1,  where  0.4it  Jf,  = 

(  Jq  s  30  and  4JoAd  s  6.4  x  10^),  and  jo  =  3.1  x  10^  comes 
from  Eq .  (  3 } . 


For  a  sinusoidal  distribution  of  surface  current  (  J  =  Jq  sin  6) 
one  calcxilates  the  transverse  magnetic  moment  of  the  surface  current 
to  be 


m  /V  =  O.IJ  .  (5) 

s  o 

and,  thus,  the  surface  current  density  Jq  can  also  be  obtained  from 
the  hysteresis  measurement.  This  result  is  also  plotted  in  Fig.  4, 
where  the  surface  current  density  is  observed  to  be  less  sensitive  *v 
magnetic  field  than  the  volume  current  density. 

For  the  minor  loop  near  8  kOe  about  two  thirds  of  the  loss  re¬ 
sults  from  the  surface  current.  The  total  loss  is  in  good  agreement 
with  the  value  0.93  mj/cm^/cycle  obtained  calorl metrically  at  this 
bias  field  for  an  ac  field  amplitude  of  1  kOe. 


TRAJJSPORT  CURRENT 

When  a  critical  transport  current  is  established  in  the  absence 
of  an  applied  field  one  expects  a  current  distribution  as  indicated 
in  Fig.  5(a),  where  a  uniform  surface  current  exists  in  addition  to 
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the  bulk  current.  For  an  applied  field  smaller  than  the  self  field 
of  the  filament  this  distribution  should  remain  relatively  unchanged. 
However,  for  a  large  transverse  applied  field,  in  the  absence  of 
transport  current  the  surface  current  is  as  indicated  in  Fig.  5(b), 
and  when  the  transport  current  is  now  established,  the  dc  electric 
field  required  to  maintain  the  critical  transport  current  is  in  the 
direction  of  the  initial  surface  current  density  over  one  half  the 
filament,  and  opposite  to  the  initial  surface  current  density  over 
the  oLher  half.  It  is,  again,  assumed  that  the  surface  current  is 
destroyed  over  half  the  surface,  and  that  for  the  remaining  half  is 
assumed  to  distribute  itself  to  minimize  the  energy.  Since  the  exact 
distribution  is  not  important,  a  sine  wave  distribution  is  assumed 
over  half  the  surface,  as  in  Fig.  5(c),  and  the  effective  current 
density  of  the  filament  is  approximately® 

~  in  *  A  )( rTd/2)(  4/'rtd^  )  -  +  4J  /rd  ,  (6) 

With  the  results  from  Fig.  4  the  effective  for  transport  current 
can  be  calculated,  and  this  is  compared  with  the  measured  values  in 
Fig.  6.  The  calculated  values  are  about  20?  higher  than  the  measured 
values,  but  otherwise  they  tend  to  follow  the  measured  points.  Below 
about.  10  kOe  the  bulk  current  dominates,  but  above  10  kOe  the  surface 
current  makes  the  largest  contribution  to  the  calculated  curves 

Surface  Currant 


—  H 


^  Volume  Current 

Fig.  ■?  _  (  ^ )  Current  distribution  in  filament  cross  section  for  a 

longitudinal  applied  electric  field  and  no  applied  magnetic 
field;  and  current  distribution  in  conductor  cross-sectior. 
for  large  trancverse  applied  magnetic  field  with  (b)  no 
'ippli'-d  elcctri  ■  field  .'ind  (' e  )  longitudinal,  applied  tr  i 

field.  The  ttd  -kness  of  t,he  nurfane  Layer  indicates  the 
marnitnde  of  the  surface  e-,;rrent,  and  is  .not  intended  to 
indicate  the  depth  of  penetraticn. 
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Fig.  6  —  The  effective  critical  transport  current  density.  The  soli 
.  line  is  calculated  by  adding  the  volume  and  surface  parts 
given  in  Fig.  4,  and  the  circles  are  measured  points. 
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APPENDIX  F 


ELECTROMAGNETIC  THEORY  FOR  IN  SITU  SUPERCONDUCTORS* 


W.  J.  Carr,  Jr. 

Westinghouse  R&D  Center 

1310  Beulah  Road 

Pittsburgh,  Pennsylvania  15235 


INTRODUCTION 

The  remarkable  .fact  that  fine  disconnected  superconducting  riia- 
ments  embedded  in  a  normal  metal  matrix  can  lead  to  bulk  superconduc¬ 
tivity  was  first  reported  by  Tsuei^  in  1973.  Materials  of  this  type 
are  referred  to  as  in  situ  superconductors,  since  the  filaments  arise 
from  a  precipitate  in  the  matrix,  which  is  made  filamentary  by  drawing 
out  the' composite .  The  filaments  typically  take  the  shape  of 
ribbons.^ Although  much  remains  to  be  learned  concerning  the  micro¬ 
scopic  electromagnetic  behavior  of  in  situ  materials,  some  technologi¬ 
cally  important  bulk  properties  can  be  described  with  only  minimal 
knowledge  of  the  microscopic  physics.  To  do  so  one  needs  only  to  con¬ 
struct  a  macroscopic  set  of  Maxwell  equations,  and  postulate  a  set  of 
constitutive  relations  which  allow  the  equations  to  be  solved.  Since 
the  Maxwell  equations  and  constitutive  relations  involve  only  averages 
over  the  microscopic  details,  even  a  rough  microscopic  picture  can 
lead  to  useful  results.  The  present  analysis  is  concerned  with  the 
bulk  behavior. 


CONSTITUTIVE  RELATIONS 

In  continuous  filament  material  the  macroscopic  fields  are  ob¬ 
tained  by  averaging  over  a  volume  element  large  enough  to  contain  the 
cross  section  of  a  few  filaments  and  their  surrounding  matrix  as  in 
Fig.  1(a).  In  contrast,  for  the  case  of  discontinuous  filaments  one 
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nnist  choose  a  volume  element  which  contains  entire  filaments,  and 
since  the  filaments  can  be  longer  than  the  thickness  of  the  conductor, 
a  "microscopic"  dimension  along  the  length  of  the  conductor  is  quite 
different  from  a  microscopic  dimension  through  the  thickness.  One 
must  choose  a  very  elongated  volume  element  for  making  averages  as  in 
Fig.  1(b).  The  constitutive  relations  needed  for  a  material  which 
exhibits  full  bulk  superconductivity  correspond  simply  to  a  descrip¬ 
tion  of  the  bulk  critical  current  density.  Because  the  in  situ  mate¬ 
rial  is  expected  to  be  highly  anisotropic,  a  critical  current  density 
is  needed  along  each  of  the  three  directions  defined  at  any  macro¬ 
scopic  point  by  the  average  principal  axes  of  the  filaments.  In  an 
electric  field  which  has  components  along  more  than  one  principal  axis 
it  Is  likely  that  the  critical  current  densities  are  interrelated; 
the  current  density  along  one  principal  axis  can  be  affected  by  the 
value  along  a  different  axis.  In  the  present  simplified  analysis, 
however,  such  interrelations  are  ignored,  and  the  critical  current 
densities  are  taken  to  be  independent  of  one  another,  depending  only 
on  temperature  and  the  magnetic  field. 

For  bulk  material  which  is  not  a  bulk  superconductor,  the  con¬ 
stitutive  equations  must  take  the  form  of  a  specification  of  resisti¬ 
vity  along  the  three  principal  axes,  which,  if  the  filaments  are  still 
.  in  a  s'uperconducting  state,  can  be  very  much  smaller  than  a  normal 
resistivity.  In  addition,  it  is  expected  that  in  a  resistive  state 
which  is  approaching  bulk  superconductivity,  closed  superconducting 
paths  will  exist,  which  can  carry  magnetization  current,  even  though 
no  continuous  superconducting  paths  exist  through  the  conductor. 
Therefore^  In  this  case  it  is  also  necessary  to  specify  three  compo¬ 
nents  of  the  true  magnetization. 

Clearly,  in  an  in  situ  material  one  can  imagine  intermediate 
states  between  fully  superconducting  and  fully  resistive,  and  these 
states  correspond  to  superconductivity  in  one  principal  direction, 
with  resistance  along  a  different  principal  direction.  In  general, 
the  superconductivity  can  be  classified  according  to  whether  it  exists 
in  one,  two  or  three  directions. 
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Fig.  1  —  Cross-section  of  volume  element  for  making  averages  for 

(a)  continuous  filament  material  and  (b)  in  situ  material. 
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NATURE  OF  THE  FILAMENT  COLTLING 

Because  of  the  method  of  preparation,  a  clean  interface  between 
filament  and  matrix  exists  in  in  situ  materials,  in  the  sense  that  no 
oxide  layers  are  present,  and  under  these  conditions  a  strong  proxi¬ 
mity  effect^  should  be  observed,  where  superconductivity  spills  out 
of  the  filaments  into  the  surrounding  matrix,  leading  to  superconduct¬ 
ing  electrons  in  the  matrix  within  a  thickness  the  order  of  0.1  pm. 

The  pattern  of  longitudinal  current  flow  between  filaments  in  the  case 
of  resistive  material  has  been  considered  by  Davidson,  Beasley  and 
Tinkham,^  where  current  flow  occurs  via  the  low  resistance  path 
through  a  third  filament  as  shown  in  Fig.  2.  The  same  pattern  is 
assumed  to  exist  in  the  case  of  supercurrent.  One  can  imagine  the 
filaments  in  the  in  situ  material  to  be  arranged  in  chains  as  in 
Fig.  3.  If  the  proximity  layers  of  a  pair  of  chains  overlap,  the 
chains  are  superconducting;  otherwise,  the  bulk  current  they  carry  is 
resistive.  For  the  pattern  of  current  flow  in  Fig.  2  the  transverse 
microscopic  electric  field  and  current  density  both  average  to  zero. 
The  average  longitudinal  electric  field  in  the  resistive  case  is  de¬ 
termined  by  the  longitudinal  electric  field  which  exists  between  the 
ends  of  the  filaments,  giving  the  voltage  v  between  n  and  b  shown  in 
Fig.  2,  If  d  is  the  thickness  of  the  filament,  w  the  width  and  £  the 
length,  ^e  average  electric  field  is  the  order  of*  vdw  divided  by 
the  volume  over  which  the  average  is  made.  The  latter  is  the  volume 
dw£/X^  of  a  unit  cell  about  a  filament,  where  Xjj  is  the  fraction  of 
filament  volume  in  the  unit  cell  for  the  n*-^  filament.  Then  the 
longitudinal  macroscopic  electric  field  at  the  point  of  the  n^^  fila¬ 
ment  is 
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V  X 
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(1) 


Since  the  voltage  v  between  filaments  n  and  b  is  twice  the  voltage 
between  n  and  c,  v  «  2(jifn  dw)(2/£w)  Sn"  Pm  where  Jifn  is  the  current 
density  at  the  middle  of  the  n^^  filament,  Jifn  dw  is  the  filament 
current  at  the  middle,  £w/2  is  the  area  for  current  flow  between  fila¬ 
ments  n  and  c,  Sjj"  is  the  thickness  of  the  normal  region  in  the  v.atrix 
(see  Fig.  2)  and  Pjj,  the  normal  matrix  resistivity.  Thus,  if  the 
filament  is  centered  about  r„** 


4d  p 

- -  ^  U-,  s  " 

£2  u  Ifn  n 


(2) 


This  estimate  is  made  for  the  case  where  the  separation  between 
ends  is  the  order  of  or  less  than  the  thickness  d. 

A  smooth  function  of  r  can  be  constructed  by  further  averaging  over 
all  n  in  the  neighborhood  of  r. 
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Fig.  2  —  Model  for  the  pattern  of  microscopic  current  flow  in  response 
to  an  applied  electric  field  along  the  1  axis.  Filament  c 
is  the  closest  filament  to  the  pair  nb .  The  figure  shows 
the  cross-section  of  the  ribbon-like  filaments  where  d  is 
the  thickness,  d'  is  a  thickness  which  includes  the  proxi¬ 
mity  effect,  s  is  the  separation  between  filaments,  s’  is 
the  thickness  of  the  proximity  layer,  and  s"  is  the  thick¬ 
ness  of  the  normal  region  between  filaments. 


When  the  proximity  regions  overlap,  s"  “  0,  and  the  filaments  at  this 
point  have  bulk  superconductivity.  In  general  s"  =  s  -  2s'  where  s 
is  the  local  filament  spacing,  and  s'  »  s*(H,  T)  is  the  effective 
proximity  layer  thickness,  depending  upon  the  magnetic  field  H  and 
temperature  T, 


AVERAGE  FILAMENT  SPACING  LARGE  COMPARED  WITH  PROXIMITY  LAYER  THICKNESS 

The  behavior  of  in  situ  material  can  best  be  examined  in  two 
limiting  cases:  (a)  where  the  average  separation  between  filaments 
^av  latge  compared  with  twice  the  maximum  thickness  s'  of  the 
proximity  layer,  and  (b)  where  Sg^  is  smaller  than  2s'.  The  average 
spacing  depends  upon  the  fraction  of  filament  volume  in  the  composite, 
and  the  amount  of  mechanical  reduction.^*®  In  the  first  case  the  dis¬ 
tribution  of  s  within  a  cross-section  of  the  conductor  is  quite  impor¬ 
tant,  whereas  in  the  second,  the  distribution  can  be  Ignored.  In  case 
(a)  only  the  relatively  small  number  of  filament  chains  which  are 
closer  together  than  2s'  can  carry  supercurrent,  as  indicated  in 
Fig.  3.  Thus,  a  superconducting  in  situ  material  of  this  kind  should 
eidilbit  a  critical  current  which  is  quite  small,  and  further,  one 
would  expect  superconductivity  only  in  one  direction.  Details  of  the 
calculation  for  this  type  of  material  may  be  found  elsewhere.^ 
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Fig.  3  —  Three  chains  of  filaments,  (a)  and  (b)  are  superconducting, 
(c)  is  resistive. 


CLOSELY  SPACED  FILAMENTS  AND  ANISOTROPY  IN  THE  CRITICAL  CURRENT 
DENSITY 

When  the  average  spacing  between  filaments  is  less  than  twice 
the  proximity  layer  thickness  not  only  the  filament  volume  but  also 
most  of  the  matrix  is  superconducting,  and  bulk  superconductivity  is 
allowed  in  any  direction.  In  this  case  the  superconductivity  of 
in  situ  material  is  distinguished  from  that  of  other  bulk  supercon¬ 
ductors  only  by  a  high  degree  of  anisotropy  in  the  critical  current 
density.  Consider  first  the  critical  current  density  along  the  axis 
of  the  filaments  (the  1  axis),  which  is  computed  with  reference  to 
Fig.  2.  .If  again  denotes  the  longitudinal  current  density  in  a 
filament  at  its  mid-point,  then  averaging  over  the  area  of  filament 
and  matrix  reduces  this  value  to  IJif*  It  is  assumed  that  any  longi¬ 
tudinal  current  flowing  in  the  matrix  can  be  neglected.  A  further 
average  over  the  length  gives  Xjif/2»  "since  the  longitudinal  current 
in  the  fijtament  goes  to  zero  at  the  ends.  Thus  the  bulk  critical 
current  density  jj-j  is 


id 


(3) 


If  the  current  at  the  mid-point  of  the  filament  is  limited  by  the 
filament  itself  then  jjf  *  Jclf  where  Jdf  is  the  filament  critical 
current  density.  On  the  contrary,  if  the  current  flow  is  limited  by 
the  matrix,  is  less  than  jdf  and  the  transverse  current  density 
in  the  matrix  takes  a  critical  value  jcp.  Then  dwjxf  »  (w£/2)  j^p 
and  jjf  =  (£/2d)  jj,p  for  this  case.  It  follows  that  the  bulk  criti¬ 
cal  current  density  in  the  1  direction  is  the  smaller  of  the  two 
values  X jcif/2  and  x£j(;p/Ad.  If  one  is  concerned  only  with  an  Order 
of  magnitude,  the  result  can  be  summarized  by 
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X£j 


cp 


(4) 


where  for  a  typical  material  £/d  is  usually  large  enough  so  that 
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For  an  electric  field  along  the  width  of  the  filament  (2  direction) 
the  critical  current  density  is  more  difficult  to  estimate,  but  in 
the  special  case  xhere  w  >  >  d  it  can  be  assumed  that  the  order  of 
magnitude  is  given  by  replacing  £  with  w  in  (4)  and 


1  ^  2  ^  4d 

jc2  ^Jc2f 


(6) 


To  estimate  the  critical  current  density  in  the  direction  of  filament 
thickness,  the  3  direction,  consider  the  flow  in  Fig.  4.  The  area  of 
filaments  through  which  the  current  flows  is  nearly  the  same  as  the 
area  of  matrix,  and  the  critical  current  density  is  either  jc3f  or 
j(,p.  Since  the  latter  is  anticipated  to  be  smaller 

3c3*Jcp* 

As  of  the  present,  no  theory  has  been  developed  for  the  value  o/  the 
crltifiali current  density  of  the  matrix,  and  therefore  j  must  be 
obtained  from  experiment. 


EFFECT  OF  TWIST  ON  THE  HYSTERESIS 

Because  of  the  anisotropy  in  critical  current  density,  the  hys¬ 
teresis  loss  of  a  fully  superconducting  in  situ  filamentary  wire  will 
depend  upon  the  amount  of  twist  in  the  wire.  To  understand  this  be¬ 
havior  It  is  expedient  to  review  the  behavior  of  an  ordinary  twisted 
continuous  filament  material,  since  Che  latter  represents  an  extreme 
case  of  anisotropy,  where  the  transverse  critical  current  density 
goes  to  zero. 

(a)  Continuous  Filament  Material 


An  untwisted  continuous  filament  material  in  a  transverse  applied 
magnetic  field  exhibits  the  hysteresis  of  a  bulk  superconductor  above 
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4  —  Pattern  of  current  flow  for  an  electric  field  in  the  3  direc¬ 
tion. 
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a  frequency  greater  than  the  reciprocal  relaxation  rime  due  to  end 
resistance.  For  an  infinite  wire,  or  a  wire  with  superconducting 
caps  on  the  ends,  this  behavior  would  exist  down  to  zero  frequency. 
The  current  which  leads  to  the  hysteresis  loss  flows  down  the  wire 
axis  In  one  half  the  cross-section  and  back  along  the  axis  in  the 
other  half  as  in  Fig.  5(a).  At  zero  frequency  the  slightest  twist 
in  the  wir.e  will  destroy  this  bulk  behavior  since  it  introduces  re¬ 
sistance  into  the  path  along  the  wire  axis,  preventing  the  flow  of 
supercurrent  in  this  direction.  The  important  point  is  that  a 
changing  transverse  magnetic  field  tenda  to  introduce  current  which 
shields  the  applied  field,  and  only  axial  current,  which  changes 
sign  over  the  two  halves  of  the  conductor,  can  perform  this  function. 
While  this  result  is  purely  a  consequence  of  the  macroscopic  Maxwell 
equations,  one  can  understand  in  a  simple  way  why  the  bulk  supercur¬ 
rent  is  destroyed  by  the  twist  by  referring  to  Fig.  5(b).  To  avoid 
divergence,  current  in  the  filamen  s  tending  to  shield  the  conductor 
must  leave  the  filaments  and  flow  through  a  path  which  Includes  the 
matrix. 

(b)  In  Situ  Material 


For  in  situ  material  twist  does  not  destroy  the  bulk  supercur¬ 
rent  tending  to  shield  the  wire,  but  it  can  change  the  magnitude. 


(a) 


(b) 


Fig.  5  —  Shielding  current  induced  by  the  transverse  field  H. 

(a)  Untwisted  filaments,  (b)  the  breakdown  of  bulk  shielding 
as  a  result  of  twist  in  a  continuous  filament  conductor. 
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For  an  ideal  packing  of  the  filamentary  ribbons  as  in  Fig.  6,  if  a 
current  flows  down  the  axis  of  the  wire  it  may  be  resolved  into 

components  along  the  principal  filament  directions  1  and  3  when  the 
wire  is  twisted.  The  cosine  of  the  angle  between  the  wire  axis  and 
the  1  direction  of  the  filament  is  approximately  unity,  while  the 
cosine  of  the  angle  between  the  wire  axis  and  the  3  direction  is  ap¬ 
proximately^  2v  R/L,  where  L  is  the  twist  length  and  R  is  radial  dis¬ 
tance  from  the  axis.  Since  both  components  miist  be  equal  to  or  less 
than  their  critical  values 


and 


2TtR 

L  ^2 


(7) 


(8) 


For  large  values  of  L,  takes  the  value  while  for  small 

values  of  L,  jg  ■  Lj^p/ZirR  except  near  the  axis.  At  the  surface  of 
the  wire  R^,  the  ratio  of  the  two  values  is  ttRo  ^Jclf'^^Jcp  corres¬ 
ponding  to  the  ratio  jz(*)/j2(h)  for  a  tight  twist.  One  can  use  this 
ratio"  in' the  hysteresis  expressions  derived  for  continuous  filament 
material,  where  It  is  found  that  the  hysteresis  loss  W  is  propor¬ 
tional  to  for  full  penetration,  and  to  l/j^  f^or  the  case  of  par¬ 
tial  penetration  of  the  magnetic  field.®  Thus  in  heavily  twisted 
wires  where  (8)  limits  the  current  density,  for  partial  penetration 

A 


W(L)  * 

while  for  fxill  penetration 

W(L)  = 


ttR  X  j  ,, 
o  '^clf 


L 

^cp 

L 

.  cp 

W(») 


(9) 


ttR  X  j 
o  ^clf 


W(®) 


(10) 


For  large  L  where  (7)  limits  W(L)  =  W(oi>),  The  behavior  described 
by  (9)  and  (10)  is  found  in  the  data  of  Braginski  and  Wagner,®  and 
Shen  and  Verfjoeven.^®  From  these  data  one  finds  that  jj.p  is  about  two 
orders  of  magnitude  smaller  than  jdf  the  case  of  full  penetra¬ 
tion  twisting  the  wire  decreases  the  transverse  field  loss,  while  for 
partial  penetration  the  loss  is  increased. 
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Filament  Cross-section 


Fig.  6  —  The  packing  of  filaments  in  an  untwisted  wire. 


COMPARISON  OF  CRITICAL  CURRENT  DENSITY  FROM  HYSTERESIS  AND  TRANSPORT 
MEASUREMENTS 

In  a  direct  measurement  of  the  transport  current  for  a  twisted 
wire  the  symmetry  restrictions  discussed  for  the  shielding  current  do 
not  apply,  since  the  current  can  simply  follow  the  spiral  path  of  the 
filaments.  Thus  the  critical  value  of  obtained  from  direct  trans¬ 
port  measurements  is  -  ^Jdf’  ''hich  will  be  considerably  higher  than 
the  value  obtained  from  hysteresis  measurements,  in  the  case  of  a 
tight  twist  pitch. 
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Abstract 

Measurtfsents  ueru  aade  of  cha  Mgnatlc  acmenc 
observed  in  a  fine  fllaflMsnc  NbTl  supercoculuctor  upoo 
cooiinx  throiiKh  the  transition  teaperature  in  a  aagoscic 
t  ieid  largv  cofspared  with  A  partial  Maiaanar 

ert'ect  was  observed  and  this  effect  is  interpreted  lo 
terns  ot  surface  current,  body  current  and  the  aagnetlc 
(vxaent  of  the  flux  lines.  ‘Hie  interpretation  Is  uaed  to 
study  the  surface  current  behavior. 

Introduction 

Kor  (.nternedlate  nagnetlc  fields  (Hci<<  <<  Hc2 
where  i:>  the  applied  field)  in  a  soft  type  II  super¬ 
conductor  the  Lilnsburg-tandau  equatlona  give  for  the 
flux  den:>ltv 

B  -  Ha  -  Hci  +  I‘)|«n(<.ir(Ha  -  Hci)  I'/4gl  •t-0.846| 

(1) 

wherr  the  flux  quxntua  .nd  t  the  pcnccracion  depth. 

Itiv  equal  jon  .tppllex  for  an  Laoleted  rod  with  Che  aegne- 
lit  I ield  ilung  the  axle  oc  the  rod.  The  rceulc  given 
in  (1)  nay  he  interpruced  aa  follows.  IVo  types  of  cur¬ 
rent  flow  tuntrlbuce  co  the  flux  density:  a  surface 
current  and  the  current  circulating  In  Che  vortex  struc¬ 
ture.  The  vortex  curreoC  leads  to  s  BMgnstlxstlon  Hy 
given  by 

My  -  t‘)|fn(4«<Ha  -  Hci)  *  0.846|  (2) 

while  Che  surface  ^urrenc  produces  a  lasgoeclc  axiaeoc 
equivalent  Co  an  effecclve  nagneclzaclon 

4fl  rt.  •  -  Hci 

Thus,  if  V  IS  Che  voluae,  che  aagnsclc  noasnt  of  the  rod 

IS 

a  -  (My  -  Hci/4»)  V  .  (4) 

which  with  aeasured  values  of  the  aoaenc  aay  be  used  co 
infer  che  behavior  of  che  cuccencs  in  Che  syscen.  How¬ 
ever,  tor  hard  type  II  supercooduccors  Eq.  <4)  no  longer 
applies  because  ot  several  reasons:  (1)  ic  onlcs  Chs 
nsiKnecIt  iwnnenc  a^j  due  Co  the  body  (built)  currant  density 
j,  ,  (2)  the  theraodynaalcs  used  In  Che  developasnC  of 
l.q.  (1)  tail  to  allow  tor  Che  coaponencs  Co  have  sepa¬ 
rate  conscicucive  equaciooa,'  and  (3)  Che  theory  does 
nut  allow  for  che  effects  of  electric  fields  which 
result  froa  flux  peneccaclon  In  changing  aagocclc  fialda. 
AC  present  no  cosqwrable  cheoty  exlica  which  describes 
che  aagneclc  aoaenc  and  current  flow  In  a  hard  supaccon- 
duccur,  particularly  in  Che  case  of  fllsaencary  conduc¬ 
tors  with  filaiaencs  of  such  size  chat  both  surface  and 
body  currents  are  laportanc. 

Recently,'  an  experlaental  acceape  was  asde  co  axaa- 
tne  che  various  conCrlbuClons  to  che  aagneclc  aowanc  of 
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a  superconducCoT  by  Invaatlgaclng  che  hystereais  loops 
of  a  flna  til lasn t  NbTl  superconductor,  and  che  present 
paper  repraaents  a  continuation  of  this  study.  A  knowl- 
adge  of  this  breakdown  la  laportanc  for  the  design  of 
practical  suparcooduccors  with  superior  crtclcsl  current 
and  loan  cbatactarlstlca .  Tht  dscalls  of  the  conductor, 
which  was  obtained  froa  Oxford  Alrco  Suparcooduccors, 
are  shown  In  Table  1. 


Table  I 


Conductor  dlawacer 

O.Ulh  ca 

Filaneoc  diaacter 

1.6  ua 

S^pxrxclon  b«tw««n  fila»enc& 

0 .  •«  tfii 

Fractlooxi  voiuM  of  f lliatncx 

0.27 

Twist  pitch 

0.1  cn 

const Ituclva  Relations 

In  the  absancs  of  a  syscsaaclc  thaory  Cor  a  hard 
superconductor  It  Is  necessary  to  sake  asauaptluns  con- 
csmlng  tha  asgnlcuds  and  dlrcccloo  of  cha  three  current 
ay areas : 

A.  Body  Currant 

In  cha  critical  state  aodcl  the  body  current  density 
hat  Its  aagnituda  dacsTalned  by  chk  aagnstlc  field  and 
Its  direction  by  che  electric  field  E.  i.c. 

lb  ■  §/E  (5) 

where  If  E  is  zero  che  direction  Is  daCsralocd  by  che 
slectricsl  history,  tha  aagneclc  aoaenc  of  the  body 
current  for  an  Isolated  body  In  a  changing  aagneclc 
field  Is  either  dlsaagnccic  or  parsasgnctic  depending  on 
whether  ths  aagnstlc  field  is  Increasing  or  decreasing . 

B.  Vortsx  Currant 

In  Abrikosov  thsory  che  vortsx  currants  circulate 
around  the  direction  of  che  flux  density,  and  extension 
of  the  theory  to  a  hard  superconductor  laplics  a  para- 
aagnctic  aoesne  dspandlng  only  on  che  aagnatlc  field. 

C.  Surface  Current 

(n  che  absence  of  an  electric  field  the  surfacs  cur¬ 
rent  la  illaMgneclc,  and  the  question  erlsew  as  to  how 
this  current  behaves  whan  aacroscoplc  electric  fields 
exist.  In  Raf.  3  It  was  postulated  Chat  an  electric 
field  lo  che  direction  of  surface  current  flow  has 
little  effect  on  the  surface  current,  but  an  electric 
field  acting  against  chs  surface  current  brings  It  to 
zero.  This  bafaavlor  Is  In  contrast  co  chat  of  chs  body 
current  uhleh  Is  reversed  by  a  change  In  direction  of 
the  electric  field.  It  Is  assuasd  chat  chs  surface  cur¬ 
rent  Id  an  laolacsd  body  is  inherently  diaaagnetlc. 

Thus,  the  electric  field  can  destroy  che  dlaaagncclsa 
but  cannot  produce  a  paraaagoetic  surface  contribution. 
For  a  body  which  Is  not  Isolated,  but  carrtsa  transport 
currant  In  an  applied  negneclc  field,  it  wet  further 
aesuned  chat  only  portions  of  the  surface  exhibit  a  sur¬ 
face  current,  where  these  portions  correspond  co  regions 
where  E  corresponds  co  the  direction  of  surface  current 
flow  induced  by  H. 
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At  varioutf  poincs  corresponding  Co  lnc«r»«<iiace 
fields  on  cite  t>rN3  hysteresis  loop  a  saapic  of  wire 
wound  on  a  lundrei  was  heaced  above  Its  cricical  cea~ 
peraturo  and  Chen  cooled  belov  in  a  conetant  aagnecic 
field.  like  aagnecic  aoaenc  was  aeasured  with  a  Foner 
iMKnetoaeter .  wich  the  aagnetlc  field  craneversc  co  the 
axis  of  cUu  wire.  Results  of  che  neeeureaencs  are  shown 
in  Figure  1.  In  order  co  detect  the  e/fecc  of  cooling 
Che  iiaKnetic  field  wee  slightly  raised  or  lowered  while 
che  s«Mple  ««aa  ware  as  sliown  in  the  figure.  Altar  the 
change  in  eocene  with  cooling  to  4.2*X  was  obaerved.  cha 
iwgnetlc  flald  wae  than  Lncraaaad  or  dacreaaed  co  show 
that  the  aegnetic  aoaant  returns  co  Ics  propar  point  on 
the  oajor  hysteresis  loop,  in  each  case  a  partial 
Helssner  effect  wea  observed  upon  cooling  in  a  conacent 
fields  and  che  eoaent  which  waa  eeaaured  after  the 
>>aaipl«  becnjnu  superconducting  la  indicated  by  che 
dashes  in  che  figures. 
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L  ■*  Plot  of  the  esjor  hysteresis  loop  with 
■inor  loops  obCsined  by  <1)  warming  che  saeple 
above  ics  critical  ceaperecure.  (2)  slightly 
shifting  the  field,  (3)  cooling  to  4.2^K  in  a 
constant  field  and  (A)  incraeslng  or  decreasing 
the  field  CO  return  co  the  aejor  loop.  V  is 
che  voluae  of  superconductor  in  che  saapie. 


Interpretation  of  the  Results 


Uhen  a  hard  superconductor  is  cooled  below  its  criti¬ 
cal  teiiperacure  in  a  constanc  interaediate  applied  aeg- 
nvclc  field,  it  is  expected  that  diamagnetic  surface 
curruncs  will  appear,  and  according  to  Cn>  (2)  peraaeg*' 
itetlc  vortex  currents  will  font  about  che  flux  lines, 
rhe  change  in  magnetic  field  Inside  the  superconductor 
will  be  dominated  by  the  surface  currsats.  and  this 
change  is  expected  to  induce  body  currents  which  oppoae 
Che  change  (contributing  a  paramagnetic  aomenC).  thus, 
upon  cooling  in  a  poaitive  fixed  applied  field »  theory 
predicts  chat 


curve  obtained  by  decreasing  che  aagnecir  field  would  be 
expected  to  be  given  by 

a,  “  a.  ♦  m  (8) 

I owe  r  o  V 

where  che  electric  field  of  che  decreasing  magnetic 
field,  starting  from  the  coodUlon  dencribed  by  (o) 
destroya  a^.  m^  is  cha  sama  In  (6).  '7)  and  ^8)  since 
the  magnetic  field  In  the  aupercoaducc  r  is  ^-shentiai  ly 
the  aame  In  all  three  caaea. 

Inaseuch  aa  thrae  cheoratlcal  aquations  are  given  for 
each  value  of  che  three  moments  and  can  be 

obteined  from  che  measurement a .  If  tq.  (Z)  la  asaumed 
CO  hold  for  then  for  l  *  10"'  and  *  lO"  Or  a  value 
a^/V  -  30  a.B.u.  would  be  expected,  but  chii»  value  la 
nearly  an  order  of  aegnlcude  too  large  to  be  coapatlble 
with  any  reasonable  loterpretation  o(  the  measurements. 
It  must  be  concluded  that  either  >  is  larger  chan  it  ts 
generally  asaumed  to  be  in  HbTi.  or  chat  Pq.  (2>  is  not 
a  good  approximation.  The  use  of  equations  lb),  O)  and 
(6)  CO  evaluate  m^  shows  it  to  be  smaller  chan  and 
but  negative.  Since  a  negative  value  oi  is  difticulc 
to  understand,  it  la  postulated  that  the  measurements 
arc  not  sufficiently  accurate  to  evaluate  i»v  (due  per¬ 
haps  to  Che  twist  which  is  present  m  Che  wire,  which 
introduces  a  longitudinal  component  co  che  t'leld. 
whereas  a  cransverae  field  has  been  js&umedj-  In  the 
resMinlng  analysis  it  will  be  assumed  chat  che  magnetic 
moment  of  the  vortex  structure  can  be  neglected,  and 
will  be  sec  equal  co  lero.  Thus. 

da  •  a  ^  2m.  -* 

upper  ^ower  v 

z  M  ♦  2m.  '  9 ) 

upper  ^ower 

Thcti  Cb«  calculated  value  of  aa  given  by  (9)  using  Che 
aaaaurcd  value,  of  aupp,.  aod  aigy^f  can  be  coapared 
with  the  aaaeured  value  of  ba.  'the  results  are  shown  in 
Figure  2.  Qualitative  agreeaeni  is  obtained  with  che 
theory,  but  a  quantitative  proof  of  che  assuaptiooi  aust 
await  additional  BaaeureaBnee  on  acre  well-defined  sea- 
pies.  The  veluce  for  a,  aod  a^  obtained  in  this  way  ere 
given  in  Ref .  3 . 


aa  -  -  a  +  a.  +  a  <6) 

3  D  V 

where  e, .  a^  and  a^  are  poeitive  nuabers.  aa  corres¬ 
ponds  to  Che  interval  baeweeo  zero  end  che  dash  in 
Figure  1.  The  point  on  the  upper  aajor  hy~.cereeia  curve 
fur  this  field  should  correspond  Co  a  aagnetlc  aoaenc 

B  .-a-a.-ra  (7) 

upper  so  V 

and  therefore  u  change  of  state  froa  (6)  to  (7)  requires 
a  reverMl  of  a^,  which  is  accoapliehed  by  slightly  In¬ 
creasing  the  applied  aagnetlc  field  to  give  the  required 
electric  field.  A  point  on  the  lower  aajor  hyscarcala 


Fig.  2  —  Plot  of  aajor  hysteresis  loop  and  asasured 
valuas  of  da  (-~~)  vt  cha  calculated  curve 

(—3. 

The  fact  chat  the  aagnatlc  aoaent  on  the  lower  part 
of  che  aajor  hyatereaie  loop  in  quite  saall  is  a  good 
indication  that  a^  la  very  saall.  for  in  chia  region  of 
positive  aagnetlc  field  end  decreasing  ,  no  ubvloua 
reason  ealsts  for  the  presence  of  any  diaaagnetic  cur¬ 
rants  which  would  tend  to  cancel  co  vortex  aoaent.  The 
results  esnd  to  indicate  a  naed  for  revision  In  the 
theory  of  vortex  structure. 


106 


rinaily,  it  ia  noted  from  figure  I  that  the  zero  tine 
for  ctie  :>u|jerconducclng  ■oaent  escablished  by  waralng 
Che  saaple  In  various  fields  has  a  slighc  downuard 
slope.  This  slope  is  accributed  co  a  nee  paraaagnecisa 
in  Che  sample  holder  and  the  conductor  matrix. 
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APPENDIX  H 

MAGNETIC  BEHAVIOR  OF  A  VERY  FINE  FILAMENT 
CONTINUOUS  SUPERCONDUCTOR* 
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ABSTRACT 

The  magnetic  aoaenc  of  an  untwisted  ouXtlfllamentary  superconductor 
consisting  of  0.12  ms  dlaneter  Nb  filaments  In  a  copper  matrix  was  studied 
as  a  function  of  applied  magnetic  field.  The  wire  contains  72,102  fila¬ 
ments  arranged  in  61  bundles  of  1182  each.  In  a  transverse  magnetic  field 
the  wire  behaves  as  a  solid  superconductor  yielding  a  moment  characteris¬ 
tic  of  the  wire  diameter  as  expected  for  a  long  untwisted  wire.  But  in  a 
parallel  field  the  onment  Is  much  smaller  and  is  Interpreted  as  arising 
from  strong  proximity  coupled  filaments  within  a  bundle,  with  weak  coup¬ 
ling  between  bundles.  A  Meissner  effect  was  observed  for  the  individual 
filaments  but  not  for  the  bundles  or  wires. 

INTRODUCTION  AND  SUMMARY 

A  study  has  been  made  of  the  magnetic  moment  in  both  weak  and  strong 
magnetic  fijelds  of  a  multlfllament  superconductor  having  0.12  ub  diameter 
filaments,  presumed  to  be  continuous  through  the  wire.  The  conductor 
consists  of  Nb  filaments  embedded  in  a  Cu  matrix  with  Che  configuration 
shown  in  Fig.  I,  except  chat  the  outer  Cu  and  Che  Nb  barrier  have  been 
etched  away.  The  filaments  are  arranged  in  bundles  with  61  bundles  of 
1182  filaments  in  the  wire,  giving  a  total  of  72,102  filaments.  Neither 
Che  filaments  nor  the  bundles  are  twisted.  Each  bundle  has  a  core  of  Sn 
but  this  fact  is  considered  to  be  unimportant  in  the  analysis.  All  mea¬ 
surements  in  the  superconducting  state  were  made  at  4.2**K.  The  wire  was 
obtained  from  Incermagnecics  General  Corporation. ^  The  magnetic  moment 
was  measured  with  a  Foner-cype  vibrating  sample  magnetometer. 

Since  Che  separation  between  filaments  in  a  bundle  is  the  order  of 
0.05  m  It  Is  CO  be  expected  chat  the  filaments  are  strongly  coupled 
together  via  the  proximity  effect  in  the  copper,^  and  for  some  purposes 
Che  bundle  may  be  expected  to  act  as  a  single  large  filament.  It  is  found 
that  for  perpendicular  magnetic  fields  the  bundles  can  also  be  considered 


*Supported  by  the  Air  Force  Aero  Propulsion  Laboratory,  Contract 
No.  P33615-81-C-2040. 
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(a)  (b) 


Fig.  1.  (a)  Conductor  crosa-aection  showing  61  bundles  of  filaaents  with 

Sn  central  core,  diffusion  barrier,  and  outer  stabilizing 
copper,  (b)  A  bundle  at  higher  magnification  sh'-'wing  individual 
filaments. 

as  coupled  together,  and  the  magnetic  moment  is  determined  by  the  wire 
diameter.  For  parallel  fields  each  bundle  acts  as  a  single  filament,  but 
the  bundles  are  only  weakly  coupled  and  the  magnetic  moment  is  much 
smaller.  In  all  magnetic  fields  a  weak  partial  Meissner  effect  is 
observed  for  the  parallel  field  case,  but  it  occurs  only  in  the  filaments, 

BEHAVIOR  IN  A  TRANSVERSE  FIELD 

The  initial  slope  of  the  magnetization  curve  as  a  function  of  applied 
magnetic  field ^  is  shown  in  Fig.  2,  where  the  ordinate  corresponds  to 
times  the  magnetic  moment  divided  by  Che  total  volume  V  of  the  sample. 

For  a  solid  superconductor,  simple  theory  would  predict  an  initial  slope 
of  two  for  ■'this  plot.  Since,  to  good  approximation,  the  measured  curve 
fits  this  theoretical  curve,  ir  follows  chat  the  filamentary  nature  of  the 
sample  has  no  effect  on  the  measured  curve:  i.e.,  the  magnetic  moment  is 
Che  same  as  that  for  a  solid  superconductor  with  an  equivalent  current 
density.  Thus  the  bundles  are  coupled  together  in  addition  to  Che  fila¬ 
ments.  This  result  is  not  entirely  surprising,  since  for  a  long  untwisted 
wire  in  a  transverse  field,  the  currents  tend  to  Clow  parallel  to  Che 
filaments  and  bundles,  and  these  currents  have  the  whole  length  of  the 
wire  CO  cross  over  from  one  bundle  to  another.  Even  a  very  small  trans¬ 
verse  supercurrent  in  the  Gu  matrix  between  bundles  will  lead  to  Che 
observed  result.  In  terms  of  the  effective  longitudinal  current  density 
j(,  for  the  wire,  Che  critical  state  model  gives  for  the  magnetic  moment** 


m 

V 


0.2 

3n 


d 


(1) 


for  full  penetration  of  the  current  into  the  wire,  where  d  is  now  the 
diameter  of  Che  wire  (71  *  10  cm).  The  peak  in  the  curve  of  Fig.  2  is 
taken  to  correspond  to  Che  point  of  full  penetration,  and ^ using  the 
measured  value  of  m/V  one  obtains  **  1.32  x  lO*’  amps/cm~.  With  the 
aoproximation  =  0.23  where  0.23  is  Che  fraction  of  superconductor 
in  the  wire,  the  value  obtained  for  Che  critical  current  density  of 
Che  filaments  at  H  *  1500  Oe  is 

-  5.7  X  K)'’  (2) 
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Magnetic  Field  ( k  Oe) 

Fig.  2.  Initial  fflagnetlzatloo  as' a* function  of  the  applied  transverse 

magnetic  field,  where  m  Is  the  magnetic  moment  and  V  the  sample 
'  volume. 

in  good  agreement  with  the  value  measured  for  this  wire  as  shown  in 
Fig.  3. 

Figure*  4  shows  Che  results  of  cooling  Che  sample  in  various  magnetic 
fields  from  a  temperature  above  Che  critical  temperature  T  .  No  bulk 
Meissner  effect  is  observed,  and,  in  fact,  no  effect  at  all  is  observed 
from  cooling  In  a  constant  magnetic  field.  However,  as  discussed  in  the 
following  section,  it  Is  believed  chat  a  small  Meissner  effect  exists  in 
Che  filaments,  but  Che  magnetic  moment  in  a  transverse  field  is  so  large 
chat  this  small  effect  Is  not  resolved. 

BEHAVIOR  IN  A  PARALLEL  FIELD 

A  sample  was  prepared  for  perallel  field  measurements  by  cutting  the 
wire  Into  one  centimeter  lengths  and  using  77  segments  to  form  a  sample  of 
nearly  Che  same  volume  as  that  used  for  Che  transverse  field  measure¬ 
ments.  The  Initial  magnetization  curve  Is  shown  in  Fig.  5,  where  two 
peaks  In  the  curve  are  observed,  one  at  m  *  -0.057  e.m.u.,  H  •  400  Oe; 

with  Che  other  at  m  *  -0.084,  H  «  3000.  It  Is  observed  that  the  magnetic 

moments  tend  to  be  an  order  of  magnlcude  smaller  chan  chose  for  Che 
transverse  field.  The  Interpcecacion  assumed  for  this  curve  is  the 
following:  (1)  each  bundle  acts  like  a  single  large  superconducting 
filament  which  becomes  fully  penetrated  at  the  lower  peak,  H  <■  400  Qe;  and 
(2)  bulk  supercurrencs  also  circulate  around  larger  loops  (Fig.  6)  due  to 
migration  along  favorable  paths  between  bundles.  The  latter  are 
presumably  determined  by  some  randomness  In  the  spacing,  and  these  current 
loops  produce  the  additional  moment  leading  to  Che  second  peak.  One  may 
check  Che  first  assumption  as  follows.  The  field  for  full  penetration  of 

a  hollow  filament  of  outer  diameter  and  inner  diameter  d^^  Is^ 


iin 


Fig.  3.  Measured  criClcal  current  density  in  the  filaments  vs.  the 

applied  transverse  field.  The  circles  are  as  measured  and  the 
squares  are  corrected  for  self  field. 

Hp  -  O-Zi'  ^3) 


with  the  current  density  in  the  filament.  For  the  hollow  filament 
formed  by  the  bundle  of  Fig.  1,  d^^  -  dg^^  *  3.2  x  10“  cm,  and  for 
Hp  -  400 


»  2  X  10^  A/cm^ 


(A) 


for  the  critical  current  density  circulating  in  the  part  of  the  bundle 
occupied  by  filaments.  This  value  is  smaller  than  the  longitudinal 
critical  current  density  given  by  (2),  as  expected,  since  the  circumferen¬ 
tial  current  density  must  flow.  In  part,  through  the  matrix.  However  the 
two  have  the  same  order  of  magnitude.  It  is  easily  shown  that  the 
magnetic  moment  due  to  the  critical  current  j,,  of  a  fully  penetrated 
cylinder  in  a  longitudinal  field  is 


m 


O.l  j  d 
-"c 

6 


V 


(5) 
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Fig.  4.  Measured  magnetic  moment  in  a  transverse  magnetic  field.  At 

points  indicated  by  W  the  sample  vas  warmed  above  at  constant 
field.  At  points  indicated  by  C  the  sample  was  recooled  to  4.2'’K 
at' constant  field.  While  the  sample  temperature  was  above 
the  recorder  pen  was  displaced  horizontally  to  properly  observe 
the  effect  of  cooling,  so  the  horizontal  portions  have  no 
significance. 

Thus  for  a  hollow  strand 


m  ■ 


0*1  j  O  T 

c  ,  ,  It  ,2  .  ,  .2  .1 

- r -  (d  T-d  I  i  .  -r  d  .  1] 

6  so  4  so  si  4  si 


0.1  j. 


so  s 


V  fl  > 


si 


so 


(6) 


where  t  is  the  total  length  of  the  strand  and  is  the  volume.  One 
obtains  using  (4) 


m  ■  2.75  *  lO”®  (7) 

-  0.055 

in  excellent  agreement  with  the  measured  value  0.057.  The  second  assump¬ 
tion  is  more  difficult  to  verify  since  the  larger  current  loops  involve  a 
distribution  of  current  paths. 
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Fig.  5.  Inlclal  magneclzaclon  measured  as  a  function  of  the  applied  field 
parallel  to  the  fllaioents. 


Current  loop 

Between 

Bundies 


Current  in 
Bundle 

Fig.  6.  Schematic  picture  Indicating  a  current  loop  within  a  bundle  and 
a  larger  loop  between  bundles. 

Figure  7  shows  an  Investigation  of  the  Meissner  effect  in  various 
parallel  applied  fields.  It  Is  clear  that  no  bulk  Meissner  effect  occurs 
in  the  wire  or  bundles,  but  a  small  effect  Is  observed  at  all  fields, 
which  is  attributed  to  a  partial  Meissner  effect  In  the  filaments.  The 
change  In  magnetic  moment  observed  on  cooling  through  the  critical 
temperature  is  Am  "  2  x  io~  and  the  total  volume  of  filaments  is 
0.67  X  10“^,  One  finds  that 

~  38  (8) 

f 

in  e.m.u.,  which  is  less  than  the  lower  critical  field  as  expected. 
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Fig.  7.-  The  magnetization  vs.  applied  field  parallel  to  the  filaments 
showing  the  partial  expulsion  of  flux  upon  cooling  through  the 
critical  temperatures  at  various  values  of  field.  Warm  indicates 
tlie  sample  temperature  Is  above  and  cold  is  The 

horizontal  portions  are  due  to  a  mechanical  displacement  of  the 
recorder  pen  and  have  no  significance.  (See  Fig.  4  caption) 
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Abstract  -  Heasureaenta  of  hysteresis  loops  and 
critical  currents  were  made  on  cooposite 
superconducting  wires  of  NbTi  fllsoents  enbedded  in  a 
Cu-CuNi  ostrix  and  on  similar  samples  with  the  matrix 
etched  away.  Results  were  obtained  for  filament 
diameters  of  1.6,  0.8  and  0.4  urn.  The  measurements 
indicate  chat  in  magnetic  fields  above  several 
kllooersceds  most  of  the  current  in  the  filaments  is 
surface  current. 

IKTRODOCTION 

In  previous  work  it  has  been  sho%ai  [1-3|  that  in 
high  magocClc  fields  the  hysteresis  loop  of  a  fine 
filament  NbTi  superconductor  is  quite  different  in 
shape  from  that  of  a  bulk  conductor.  Near  xero  field 
the  shape  is  slsdLlar  to  that  of  a  hard  bulk  conductor, 
but  in  large  fields  it  becomes  more  reversible  and  the 
shape  is  intermediate  between  that  for  a  hard  bulk 
material  and  an  ideal  soft  material.  The  results  wre 
interpreted  in  terms  of  surface  currents  which  become 
relatively  Isrga  compared  with  the  bulk  current  as  the 
filament  diameter  is  made  smaller,  and  they  suggest  a 
possible  approach  for  obtaining  superconductors  with 
low  loss  and  high  critical  current.  Some  further 
measuremenca  on  NbTi  filaments  of  different  diameters 
are  reported  here.  The  conductors,  which  were  obtained 
from  Oxford  Alrco  Superconductors,  are  described  in 
Table  1.  Samples  were  prepared  by  winding  the  wire  on 
a  msodrel,  and  all  acasurenents  were  made  with  a 
vibrating  magnetometer  in  a  transverse  applied  field. 
The  filaawnts  in  the  composite  conductors  were 
surrounded  by  a  Cu-CuNi  matrix.  Studies  on  the  1.6  lai 
conductor  warm  reported  by  the  present  authors  and 
also,  in  a  different  context,  by  Ogasawsra  at  al.  (4) 
However,  results  for  the  wires  with  O.S  and  0.4  ms 
filaments  are  new,  and  furaher,  additional  samples  of 
all  three  conductors  were  prepared  with  the  entire  Cu 
and  Cu-Ni  matrix  etched  away.  Unfortunately,  the 
filaments  were  twisted  in  the  composite  samples; 
whereas  in  the  etched  samples  an  attempt  was  made  to 
remove  the  twist.  In  the  interpretation,  twist  has 
been  ignored  in  all  the  samples. 

Table  1 


Sample 

1 

2 

3 

Conductor  dia.  (mm) 

0.36 

0.018 

0.09 

Filament  dla.  ( ;ai} 

1.6 

0.8 

0.4 

Approximate  Filament 

Separation  (ms) 

0.6 

0.3 

0.15 

Approxiaate  CuNi 

thickness  (la) 

0.3 

0.15 

0.08 

INITIAl,  MAGNETIZATION  CURVES 


In  order  to  examine  whether  the  observed  magnetic 
moment  results  from  individual  filaskents  or  from 
coupled  filaments,  measurements  were  made  of  the 
initial  magnetization  curves.  The  magnetic  moment  per 
unit  filament  volume  (multiplied  by  4v)  for  the  1.6  un 
and  0.8  im  samples  is  plotted  in  ng.  1  and  for  the 
0.4  urn  aample  in  Fig.  2.  A  small  correction  was  made 
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Fig.  I  -  The  measured  initial  magnetic  moment  per  unit 
filament  volume  (multiplied  by  -4«)  for  the 
1.6  and  0.8  un  composite  aod  etched  samples  is 
plotted  vs.  the  applied  transverse  field. 

for  neighboring  turns  in  the  sample  to  give  the  field 
applied  to  an  individual  turn.  Simple  theory  gives  an 
initial  slope  of  two,  which  arises  from  an  assumed 
perfect  Meissner  behavior  aod  the  demagnetizing  factor 
of  a  cylinder. 

The  1.6  IQ  Samples 

The  magnetization  curve  for  the  composite  sample 
with  1.6  la  filaments  agrees  with  the  theory  reasonably 
well,  which  Indicatea  chat  the  magnetic  moment  indeed 
comes  from  individual  filaments  that  are  not  coupled 
through  the  matrix.  This  conclusion  is  re-enforced  by 
the  fact  that  a  siadlar  aample  with  the  matrix  etched 
away  leads  to  essentially  the  same  results. 

The  magnetic  field  at  which  the  peak  in  magnetic 
moment  occurs  (approximstely  250  Oe)  is  presumed  to  be 
Che  field  required  to  fully  penetrate  a  filament.  The 
lower  critical  field  H|,|  where  flux  lines  and  bulk 
currents  begin  to  penetrate  into  the  filaments  is 
determined  roughly  by  the  poluc  on  the  magnetization 
curve  where  linearity  begins  to  break  down.  This  seems 
Co  occur  in  the  neighborhood  of  100  Oe  (within  a  factor 
of  two)  which  is  in  order  of  magnitude  agreement  with 
previous  estimates  of 

The  0.8  US  Samples 

The  results  for  the  0.8  us  filaments  arc  acre 
difficult  CO  underataod,  and  cha  measuramcncs  for  the 
etched  sample  differ  considerably  from  chose  for 
filaments  embedded  in  Che  matrix.  Howevar,  since  the 
Initial  slope  of  both  curvet  falls  balow  the 
theoretical  value  there  is  no  evidence  of  filament 
coupling,  and  the  magnetic  moment  appears  to  come  from 
lodtvlduai  filaments  as  for  Che  1.6  la  fllsmcncs. 
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la  eh«  etch«d  Mapl*  oo  evidence  of  e  full 
Neieener  effect  ezlace.  Tbe  reeeon  for  chla  fact,  and 
for  Che  relaclvalj'  large  aagnetlc  field  required  to 
reach  the  peak  ia  aagnetlc  aoaMnt  la  not  kno«m.  In 
exaalnlng  the  difference  betweea  the  coapoalte  and  the 
atchad  aaaples  It  ahould  be  kept  In  oiod  chat  fllaaeota 
eabedded  In  the  aatrlx  are  probably  under  scresa,  and 
alao  the  condition  of  the  fllaaenc  surfacea  In  the  two 
aaeplea  la  probably  conalderably  differeat. 


In  fig.  3  Che  magnitude  of  the  peak  In  aagnetlc 
aoaent  and  the  magnetic  field  required  to  reach  It  are 
plotted  agalnac  filament  diameter  for  Che  three  etched 
samplea.  While  the  peak  value  la  nearly  the  aame  for 
the  three  dlaoetera,  the  field  required  to  reach  the 
peak  iDcrcaaea  ulch  smaller  diameter.  This  la  opposlc- 
to  Che  behavior  expected  from  simple  critical  state 
theory  for  the  full  penetration  field,  and  Is  also  not 
understood. 


0  ZJQ  400  600  800  1000  / 

Magnetic  Field  (Oe) 


Fig.  2  -  Aa  Fig.  1,  but  for  the  0.4  nt  aamplea. 


The  0.4  la  Samples 


Since  the  curve  Cor  the  composite  sample  rises 
above  the  cheereclcai  curve,  one  la  led  to  believe  that 
sosw  filament  coupling  through  the  matrix  exists, 
leading  to  a  magnetic  aament  larger  then  expected* 
However,  in  the  following  section  It  la  found  that  the 
coupling  apparently  disappears  In  high  fields.  In  the 
etched  sample  no  coupling  la  observed,  aa  wuld  be 
antlcipatad,  but  again  cha  field  at  the  peak  In 
magnetic  mosMnt  is  quits  large  and  a  full  Meissner 
state  is  not  observed. 


Filament  Diameter  liiml 


rig.  3  '  The  measured  peak  value  of  4irm/Vf  and  the 

magnetic  field  at  which  It  occurs  ara  plotted 

vs.  fllamame  diameter. 


HYSTERfSIS  IN  HICH  FIELDS 

In  general,  for  filament  radii  greater  than  the 
London  penetration  depth,  three  types  of  current  flow 
can  exist  In  a  superconductor  with  each  producing  its 
own  magnetic  moment:  (1)  body  or  bulk  currents,  (2) 
surface  currents,  and  (3)  currents  circulating  In  the 
vortex  structure.  The  first  gives  a  magnetic  moment 
per  unit  volume  which  Is  proportional  to  the  filament 
diameter  for  a  fixed  current  density.  The  other  two 
give  moments  which  are  Independent  of  diameter. 

The  surface  current  which  is  investigated  here  Is 
assumed  to  be  that  which  originates  under  the  action  of 
a  magnetic  field  In  order  to  lower  the  energy.  This 
equilibrium  type  current  Is  In  contradistinction  to  the 
non-equlllbrium  type  body  currents  resulting  from  flux 
pinning.  Matsushita,  et  al  [51  have  studied  surface 
currents  in  larger  filaments  that  appear  to  result  fro; 
surface  plntilng.  The  relationship  between  such  surface 
current  and  that  discussed  here  is  unclear. 

A  wide  range  of  assumptions  have  been  made  by 
various  authors  to  discuss  the  hysteretlc  behavior  of 
fine  filaments.  Some  of  the  conflicting  Ideas  proposer 
may  be  listed  as  follows:  (a)  the  hysteresis  loop  is 
the  superp. sltion  of  a  reversible  equilibrium 
contribution  and  an  irreversible  contribution  from  flux 
line  pinning,  '.3, 6)  (b)  surface  currents  determine  the 
hysteresis,  (71  (c)  surface  and  hulk  currents  both 
contribute,  but  the  surface  current  flows  only  during 
half  of  the  hysteresis  cycle,  being  destroyed  by  an 
electric  field  over  the  other  half  of  the  cycle,  (IJ 
(d>  both  surface  and  hwlk  currer.ts  contribute,  with  the 
surface  current  making  a  symmetric  contribution  to  the 
hysteresis  loop  (8,9!  and  (e)  therscdynamic  surface 
"barriers"  to  flux  entrance  and  exit  determine  the 
shape  of  the  hysteresis  loop,  (10,11  i 
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Ftg.  4  -  The  measured  magnetic  moment  per  unit  filament 
volume  vs.  the  applied  transverse  field  for  the 
0.4  10  samples.  The  solid  curve  la  for  the 
composite  and  the  dashed  curve  It  for  the  fila¬ 
ments  alone  (with  the  matrix  etched  eway).  The 
loops  were  taken  at  4.2IC  and  the  lower  daehed 
curve  above  T,. 
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Fig.  5  -  Saae  as  Pig.  4,  but  for  the  0.8  ia  saaples. 

The  lower  solid  and  dashed  curves  were  taken 
above  T^. 
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Fig.  fa  -  Sane  as  Fig.  4,  but  for  Che  l.fa  in  saaples. 

For  the  present  loacertal  the  hysteresis  loops  are 
shown  in  Figs.  A-fa.  The  results  for  the  coapoatte 
saaples  in  high  fields  are  regarded  as  acre  reliable, 
since  the  etched  saaples  appear  to  have  soae 
ferroaagnecic  contaalnate,  which  Is  probably  Nl. 
Nevertheless,  in  a  qualitative  sense  the  coaposite  and 
etched  saaplea  are  auch  the  saae.  For  the  0.8  and 
0.4  uB  fllaaents  it  appears  that  assuaption  (a)  is  aore 
nearly  correct,  since  the  upper  and  lower  parts  of  Che 
hysteresis  loop  are  both  negative,  and  a  tendency 
toward  reversible  bchavlar  is  observed.  It  is  possible 
that  (c)  would  apply  if  the  loop  were  traversed  wore 
rapidly. 

Inspection  of  the  three  hysteresis  loops  for  the 
coaposite  saaples  shows  chat  In  high  fields  the  loope 
for  Che  0.8  and  0.4  ia  fllaswncs  are  essentially  the 


conalderably  broader.  The  conclusion  rcschad  fron 
these  results  Is  that  for  fllaacnca  conalderably  larger 
chan  1  lA  Che  body  curreocs  arc  important,  while  below 
1  UB  only  the  surface  current  Is  significant.  This 
concluaioD  la  alao  in  agreeaent  with  tha  hysteresia 
loss  aeaBuraaenta  of  Dubots  et  ai.  1 12 1 

THA-NSPORT  CURRENT 

It  ta  now  of  interest  to  determine  if  the  surface 
coaponcnc  also  doainaces  the  transport  current  of  the 
0.8  and  0.4  fllaaents.  If  this  is  the  case,  the 
critical  current  density  in  the  fllaaents  should  be 
twice  as  larga  in  the  0.4  tm  fllaaents  as  in  the  0.8  tA 
■acerlsl,  providing  the  surface  current  of  the 
fllaaents  Is  the  saae  for  both  wires.  The  aeasured 
effective  critical  current  densities  of  the  wires  are 
shown  Id  Pig.  7.  While  the  factor  of  two  ratio  does 
not  peralat  over  the  entire  curves,  it  does  hold 
approxlaately  over  the  lower  portion.  The  fact  that 
the  1.6  lA  curve  lies  Interaedlate  to  the  ocher  two  Is 
attributed  to  the  additional  contribution  of  the  body 
current  in  this  ssaple. 


Magnetic  Field  (kOel 


Fig.  7  -  The  aeasured  critical  current  density  in  the 
fllaaents,  corrected  for  self  field.  Is 
plotted  vs.  aagnetlc  field. 

CONCLUSIONS 

For  NbTl  fllaacnca  less  than  about  1  to  in 
diameter  the  current  flow  Is  dominated  by  the  surface 
coaponenc.  This  conclusion  Implies  chat  to  obtain 
superconductors  with  high  critical  current  density  one 
should  concentrate  on  examining  the  surface  condition 
of  the  fllaaents  rather  than  the  internal  pinning 
forces.  For  equivalent  surface  conditions  Che  critical 
current  density  should  increase  proportional  to  1/d  (d 
tha  fllaaant  dlaaeter)  down  to  the  point  where  the 
diaaecer  becoaet  Che  order  of  twice  the  London 
penetration  depth.  Unfortunately,  thia  predicted 
behavior  it  not  observed  in  aeasureaencs  of  Dubots  et 
al.,  (121  but  It  l»  possible  that  the  effect  la  aasked 
by  other  factors  auch  as  broken  fllaaencs. 
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APPENDIX  J 


MECHANISM  OF  CURRENT  TRANSPORT  IN  FINE  NbTi  FILAMENTS* 


N.  J.  C«rrt  Jr.  &  G.  R.  Wagoer 
Westinghouse  R&D  Center 
Pittsburgh,  Pennsylvania  15235 


ABSTRACT 

Measurements  of  the  hysteresis  loops,  the  magnetic  moments 
obtained  by  cooling  in  a  constant  field  and  the  critical  current  density 
of  subfflicron  NbTi  filaments  are  consistent  with  the  assumption  that 
surface  current  is  the  principal  mechanism  of  current  flow  in  these 
filaments. 


*Fupported  by  the  Air  Force  Aero  Propulsion  Laboratory  Contract 
No.  F33615-81-C2040 
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1.  INTRODUCTION 


The  development  of  fine  filament  superconductors  having  low  loss 
and  high  current  density  in  large  magnetic  fiel ts  has  reached  the  point 
where  further  progress  appears  to  demand  a  more  fundamental  under¬ 
standing  of  the  reversible  and  Irreversible  behavior  of  fine 
filaments.  To  study  this  behavior,  a  series  of  measurements  of 
hysteresis  loops  and  critical  current  densities  have  been  made  on  the 
NbTi  fine  filament  wires  described  in  Table  1.  The  wires  were  obtained 

from  Oxford  Airco  Superconductors,  and  described  more  fully  in  previous 

1—3  .  . 

papers*  Loss  measurements  of  an  eddy  current  nature  on  a  similar 

conductor  t^ave  been  reported  by  Ogasawara  et  al.;^  and  other  recent  work 

on  submicron  NbTi  filaments  have  been  published  by  Dubots  et  al.^ 

Measurements  on  1  to  5  vm  material  have  been  reported  by  Chosh  and 

Sampson^.  In  the  present  samples  it  was  noted  previously^  that  a  high 

degree  of  asymmetry  exists  about  the  horixontal  axis  of  the  transverse 

field  m-H  hysteresis  loop  (m  the  magnetic  moment),  and  in  the  1.6  um 

composite  it  was  shown  that  a  partial  "Meissner  effect"  exists  up  to  the 

highest  magnetic  fields  that  were  Investigated.^  Both  effects  were 

attributed  to  surface  current  in  the  filaments.  Additional  sieasurements 

of  these  effects  are  presented  here.  To  eliminate  the  possibility  of 

proximity  coupling  of  the  filaments  through  the  Cu  and  CuNi  matrix, 

measurements  have  also  been  made  on  a  similar  set  of  samples  with  the 
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Tjible  1 


Sample  1 

Sample  2 

Sample  3 

Conductor  diameter  (cm) 

0.036 

0.018 

0.009 

Filament  diameter  (um) 

1.6 

0.8 

0.4 

Separation  between  filaments  (pm) 

-  0.6 

-  0.3 

~  0.15 

CuNi  thickness  between  filaments  (pm) 

-  0.3 

-  0.15 

-  0.08 

entire  matrix  etched  away.  Results  are  given  for  the  six  samples «  along 
with  conclusions  concerning  the  behavior  of  the  transport  current  in 
these  OMterials.  Conclusions  are  necessarily  qualitative  in  nature 
since,  as  pointed  out  in  the  following  section,  some  questions 
concerning  the  theory  for  the  behavior  of  very  fine  filaments  resiain  to 
be  answered. 

Two  types  of  surface  current  have  been  previously  identified  in 
the  mixed  state  of  a  type  II  superconductor:  one  an  irreversible 
current  depending  on  strong  flux  pinning  near  the  surface  as  described 
by  Matsushita  et  al.,^’^'^  the  other  &  reversible  surface  current^^ 
which  can  be  viewed  as  an  extension  of  the  Meissner  current.*  The 
latter  is  of  principal  interest  here.  Contrary  to  previous  treatments, 
a  surface  part  is  assuaied  to  exist  in  both  the  magnetization  and 
transport  measurements. 


•ff 

In  reality  this  theory  postulates  a  reversible  magm'.ti ration  as 
calculated  from  Abrikosov  theory  (See  also  Reference  11,12)  which 
therefore  presumably  includes  a  surface  current  and  a  series  of  vortex 
currents  throughout  the  voluaie'^  .  However,  since  the  net  Abrikosov 
magnetization  is  diaaiagnetic,  one  haa  reason  to  conclude  that  the 
surface  current  is  dominant.  Fietz  et  al.'^”'  lumped  the  entire 
magnetization  into  a  surface  current.  However  these  authors  ignored 
the  possibility  of  a  surface  component  in  the  transport  current. 


121 


2.  THEORIES  OF  HYSTERESIS  AMD  TRAMSPORT  IN  FINE  FILAMEMTS 


A  wide  range  of  models  have  been  proposed  to  discuss  the 
hysteresis  of  fine  superconducting  filaments.  These  models  include  the 
following: 


(a)  The  magnetic  moment  measured  on  the  hysteresis  loop  is  a 
superposition  of  a  reversible  equilibrium  magnetization  (mainly 
a  surface  current)  and  an  irreversible  contribution  from  flux 
line  pinning. 

(b)  Surface  currents  determine  the  hysteresis. 

(c)  Surface  and  bulk  currents  both  contribute »  but  the  surface 
current  flows  only  during  half  of  the  hysteresis  cycle,  being 
destroyed  by  an  electric  field  over  the  other  half  of  Che 
cycle.* 

(d)  Both  surface  and  bulk  currents  contribute,  with  the  surface 
curre^^  ^king  a  symmetric  contribution  to  the  hysteresis 

(e)  Thermodynamic  surface  "barriers"  to  flux  entrance  and  exit 
determine  the  shape  of  Che  hysteresis  loop.^°’^' 


Most  of  these  models  apply  also  for  large  filaments  but  in  that 
case  bulk  pinning  tends  to  mask  the  ocher  effects.  The  model  which 
scesis  to  best  fit  the  experimental  data  is  model  (a),  although  the 
reasons  are  not  entirely  obvious.  The  various  models  correspond  to 
various  degrees  of  reversibility  of  the  surface  terms,  and  to  whether 
the  problem  is  viewed  as  a  problem  in  static  field  theory  at  zero 
frequency  or  a  problem  in  electrodynamics  at  low  frequency. 

A  hysteresis  loop  is  typically  measured  by  slowly  but 
continuously  varying  Che  magnetic  field.  Thus  a  time  race  of  change  of 


122 


or  oiore 


applied  field  U.  exists,  and  the  electric  field  arising  from  H. , 
generally  from  B,  is  the  central  feature  of  hysteresis.  In  particular 
the  direction  of  the  bulk  current  density  depends  upon  the  electric 
field  E,  and  this  electric  field  acts  on  the  surface  as  well  as  the 
bulk.  In  contrast,  the  sign  of  an  equilibrium  current  depends  upon  the 
vector  potential  A,  which  is  determined  by  B  rather  than  B.  In  a  large 
magnetic  field,  B«M^,  and  A  is  essentially  the  same  for  both  the  upper 
and  lower  branches  of  the  hysteresis  loop,  but  U  and  E  change  sign  in 
the  two  branches.  From  an  equilibrium  point  of  view  the  surface  current 
would  be  the  same  in  both  branches  but  from  electrodynamics,  any  surface 
current  might  be  expected  to  reverse  with  the  bulk  current  density. 

Thus  a  dilemma  exists.  Carr  and  Wagner^  (model  c)  made  the  assumption 
that  a  current  can  exist  on  the  surface  only  if  the  signs  of  A  and  E  are 
such  as  to  make  the  current  flow  in  the  same  direction,  and  this  is  the 
case  only  for  one  branch  of  the  hysteresis  loop.  For  a  transport 
current  measurement  the  theory  would  indicate  that  equilibrium  surface 
current  can  flow  only  over  one-half  the  circumference.  While  model  (c) 
does  not  seem  to  describe  the  magnetization  measurements  it  may  apply 
for  the  transport  case,  since  critical  transport  current  measurements 
are  made  in  the  presence  of  a  comparatively  large  dc  electric  field. 

The  essential  idea  behind  this  model  is  the  following.  If  a  large 
transverse  magnetic  field  is  first  applied  and  it  produces,  as  in  model 
(a),  an  equilibrium  surface  current,  the  surface  current  must  be 
positive  on  one  side  of  the  filament  and  negative  on  the  other.  The 
application  of  a  positive  dc  electric  field  to  produce  transport  will 


123 


Chen  ccnd  to  destroy  the  negative  surface  current  but  leave  the  positive 
part  approximately  unchanged. 


3.  RESUT.TS  FOR  THE  HYSTERESIS  LOOPS  AND  CRITICAL  CURRENT  DENSITY 

The  measured  critical  current  density  for  the  three  composite 
conductors  is  shown  in  Figure  1  where  is  computed  from  the  filament 
area.  It  is  observed  that  the  curve  for  the  1.6  um  filaments  lies  above 
that  for  the  0.8  pm  filaments,  but  the  critical  current  density  of  Che 
0.4  um  sample  is  also  above  the  curve  for  the  0.8  um.  The  latter  is 
contrary  to  expectations  based  on  previous  measurements^  and  a  possible 
explanation  may  be  found  in  the  integrity  of  the  £i laments. 

The  transverse  hysteresis  loops  for  magnetic  moment  per  unit 
filament  volume  vs.  applied  magnetic  field  for  the  three  filament 

m 

diameters  are  shown  in  Figures  2,  3,  and  4,  both  for  Che  composite 
samples  and  for  the  samples  with  the  matrix  etched  away.  The  curves  for 
the  composite  samples  are  regarded  as  more  reliable  because  of  the 
possibility  of  shorted  turns,  and  because  the  etched  0.8  and  0.4  um 
samples  were  found  to  have  a  ferromagnetic  contaminate,  which  is 
presumed  to  be  Ni.  The  essential  features  of  the  loops  are  (1)  the 
loops  for  Che  0.8  and  0.4  um  composite  samples  are  nearly  the  same,  and 
Biuch  store  narrow  than  that  for  the  1.6  um  material,  and  (2)  at  high 
fields  both  branches  of  the  loop  for  the  0.8  and  0.4  um  nuterial 
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correspond  Co  a  negative  magnetic  momenc.  The  points  marked  with  X  are 
explained  in  Section  5. 


4.  RESULTS  OF  THE  MEASUREMENTS  FROM  COOLING  IN  A  CONSTANT  MAGNETIC  FIELD 


In  a  true  Meissner  effect  observed  in  bulk  type  I  and  type  II 
superconductors,  magnetic  flux  is  almost  completely  expelled  by  surface 
current  when  the  conductor  is  cooled  below  its  critical  temperature  in  a 
constant  magnetic  field  of  magnitude  less  than  or  respectively. 
The  surface  current  leads  to  a  magnetic  moment.  The  effect  invescigater* 
here  corresponds  to  a  magnetic  moment  presumed  to  result  from  expulsion 
of  a  very  small  amount  of  flux  in  fields  well  above  in  the 
hysterecic  region  of  a  type  II  superconductor.  The  measurement  consists 

of  heating  Che  sample  above  its  critical  temperature  at  various  points 

0 

along  the  hysteresis  loop,  and  then  measuring  the  magnetic  moment  as  the 
sample  is  cooled  in  the  constant  magnetic  field.  The  results  obtained 
are  given  by  the  dotted  curves  shown  in  Figures  5,  6  and  7.  Only  the 
curves  for  the  composite  samples  are  shown  but  the  results  for  the 
etched  samples  were  similar.  The  small  deviations  from  Che  origin  for 
the  normal  state  curves  are  believed  to  be  the  result  of  a  slight  amount 
of  paramagnetism  in  either  the  matrix  or  the  holder  for  these  samples. 
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5.  ANALYSIS  OF  THE  DATA  AND  CONCLUSIONS 


For  any  current  density  that  is  concentrated  near  the  surface 
of  the  filament,  one  may  define  a  surface  current  density  J  by 

R 

J  =  /  ®  j^dR  (1) 

o 

where  is  the  radius  and  R  the  radial  distance  from  the  axis.  If 
is  assumed  to  be  an  equilibrium  type  current  as  postulated  in  model  (a), 
then  for  a  transverse  applied  magnetic  field,  the  surface  current  has 
Che  symmetry 


j  a  -  j  sin  9 
o 


(2^) 


where  8  is  Che  angle  measured  from  the  direction  of  the  transverse 
applied  field  and  is  the  maximum  value.  The  magnetic  moment  per  unit 
volume  of  filament  produced  by  this  surface  current  is^ 
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Consider  now  the  esse  of  transport  current  in  the  same  applied 
field.  If  the  large  transverse  field  leads  to  an  equilibrium  surface 
current  in  the  absence  of  transport  current,  it  is  reasonable  to  expect 
a  surface  current  of  approximately  Che  same  magnitude  in  the  case  where 
a  transport  current  exists,  except  chat  Che  symnsetry  may  be  changed.  As 
a  rough  approximation,  if  the  assumption  of  Carr  and  Wagner^  is  used  for 
Che  latter  case,  i.e.  J  is  found  only  over  half  the  filament  circum¬ 
ference,  then  an  equilibrium  contribution  of  x  to  the  transport 

current  I  would  be  expected.  Vfhen  a  pinned  surface  current  density 
and  the  pinned  bulk  current  density  are  added,  Che  critical  transport 
current  becomes 


laxRJ  ♦2xRJ+KR^i 
c  o  av  op  0  ■'c 


and  since  the  measured  is 


J  2  J 

(j  )  *  ♦  j 

c  meas.  R  R  '’c 

o  o 


(5) 


(6) 


For  filaments  with  a  large  radius  R^  the  measured  value  is  the 
same  as  the  bulk  j^,  but  for  small  R^,  the  surface  part  should 
dominate.  The  expression  (6)  is  intended  to  apply  as  long  as  R^  is 
greater  chan  the  penetration  depth  X. 

In  general  the  total  magnetic  moment  m  measured  for  no  transport 
current  will  contain  contributions  due  to  the  pinned  currents  and  also 
due  to  vortex  currents  about  Che  flux  lines,  but  in  Che  special  case 
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where  the  equilibrium  current  dominates,  both  m  and  are  determined 

roughly  by  the  term  in  In  this  case  m  will  then  be  reversible,  and 

from  (4),  m/V  will  be  independent  of  filament  diameter  d  2  R^, 

assuming  the  surface  current  density  is  the  same  in  all  filaments. 

However  the  measured  should  be  proportional  to  1/d  since  from  (6), 

(i,)  meas.  2  J^../d,  and  from  (4)  and  (6)  the  value  of  m/V  can  be 
■•c  av 

estimated  from  the  measured  accorded  to  the  expression 


m 

V 


0.1  7  d  (j  ) 

4  -’c  meas. 


(7) 


In  the  0.8  and  0.4  um  filaments  an  approach  toward  reversibility 
indeed  is  observed,  and  Che  magnetic  moment  in  high  fields  is  roughly 
independent  of  d.  Although  the  expected  factor  of  two  ratio  is  not 
obtained  in  the  measured  critical  current  density,  the  measured  value 
for  the  0.4  urn  filaments  is  considerably  higher  than  Chat  for  the  0.8  um 
filaiaents.  A  plot  of  m/V  calculated  from  Equation  (7)  using  the 
measured  critical  current  density  is  shown  by  Che  points  marked  by  X  in 
Figures  3  and  4  and,  again,  the  result  is  in  reasonable  agreement  with 
the  Bteasuremencs.  Finally,  if  an  equilibrium  surface  current  is  largely 
responsible  for  m,  an  appreciable  "Meissner"  effect  would  be  expected, 
as  observed  in  Figures  6  and  7. 

The  conclusion  is  that  a  model  which  assumes  chat  the  dominant 
current  flow  in  submicron  filaments  is  due'  to  an  equilibrium  surface 
current  is  in  reasonable  agreement  with  the  measurements.  However,  as 
noted  in  Section  2,  a  detailed  theory  for  such  a  model  reoiains  to  be 

given. 
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Curv«  7S0169-A 


Figure  1.  The  neeeured  criticel  current  denaity  in  Che  filencnts, 
corrected  for  aelf  field,  ia  plotted  wa.  magnetic  field. 
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Curve  7SOI6£'A 


Magnetic  Field  ( kOe) 


Figure  2.  The  measured  magnetic  moment  per  unit  filament  volume  vs.  the 

applied  transverse  field  for  the  1.6  um  samples.  The  solid 

curve  is  for  the  composite  and  the  dashed  is  for  the 

filaments  with  the  matrix  etched  away.  The  loops  were  taken 

at  4.2K  and  the  intermediate  solid  curve  above  T.. 

c 
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tn/V.  ( emu/cm  ) 


Figure  5.  The  megnetic  momcnc  per  unit  volume  of  the  1.6  um  eemple  vs. 

the  applied  transverse  SMgnctic  field.  At  point  a  the  sample 
is  heated  in  constant  field  above  and  the  moment  goes  to 
point  b  in  Che  normal  state.  Upon  cooling  to  4.2  R  at 
constant  field,  the  moment  goes  to  point  c.  Increasing  the 
field  at  4.2  K  cakes  the  moment  to  poind  d.  The  solid  points 
are  the  locus  of  points  c  obtained  in  this  way  along  the 
hysteresis  loop. 
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Figure  6 


16  24 

Magnetic  Field  {  KOe) 


Same  as  Figure  5,  but  for  the  0.8  um  filaments. 
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-m/Vf  ( emu/cm  ) 


« 


Figure  7.  Same  at  Figure  5,  but  for  the  0.4  um  filaatintt. 
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